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SYNOPS IS 

MOSSBAUER SPECTROSCOPIC STUDIES OR SOME GLASS -CERAMICS , METALLIC 

GLASSES AND PYRIIE MINERALS 

AKHILESH PRASAD 

Department of Physics 
Indian Institute of Technology, Kanpur 

November 1983 

Mdssbauer effect or recoil-free nuclear resonance 
absorption was discovered in 1957 and its early applications 
were in the studies of fundamental problems. During the 
last 25 years, however, the experimental technique of 
Mossbauer spectroscopy has been applied to a variety of 
problems, in the field of solid state physics and chemistry, 
biochemistry, metallurgy and geological sciences. Of special 
interest are the studies of different glass systems using 
Mbssbauer effect. As a result of the hyperfine interaction, 
the parameters like isomer shift, quadrupole splitting and 
magnetic hyperfine splitting determined from the observed 
Mbssbauer spectra provide valuable information about electronic 
structure in the sample being studied and these data can be 
corroborated by using other experimental techniques. 

Recently, glass-ce ram ics and metallic glasses (or amorphous 
metallic alloys) form two classes of materials which have 
invoked tremendous research interest. The present thesis 
describes the study of the glass ceramic systems E^O-SiC^- 
Fe 2 0^-l20^ and Pb0-B20^-Al20^-Ee20^-Y20^ and the amorphous 
metallic alloy (metal glass) ^ e qoQ_ x ® x using Mbssbauer 
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spectroscopic and other techniques. The thesis also reports 
study of the roasting and leaching processes of pyrite 
minerals by Mbssbauer spectroscopy. 

The thesis is divided into five Chapters. In Chapter 1 
a brief introduction to the subject of Mbssbauer effect and 
hyperfine interactions is given. The three parameters, 
isomer shift, electric quadrupole splitting and magnetic 
hyperfine splitting are discussed and this is followed by a. 
brief description of the motivation behind the present work. 

Chapter 2 describes the experimental details. 

Different aspects of the Mbssbauer effect methodology like 
the radioactive source, Mbssbauer spectrometer, absorber, 
cryostat and furnace, detector and storage system are 
discussed in some detail. Methods used for the analysis of 
data and. for the determination of hyperfine field distribu- 
tion are discussed. In the present work, data obtained from 
Mbssbauer spectroscopy were corroborated by using data 
obta.ined by other experimental techniques such as X-ray 
powder diffraction, optical and electron microscopy, diffe- 
rential thermal analysis (DTA), electron paramagnetic 
resonance (EPS.) and magnetization measurements. Brief 
working details of these techniques are given. 

The experimental results of our studies of the 
glass-ceramic systems are presented and discussed in Chapter 
3* Today glass -ceramics form an important class of materials 
because of their interesting mechanical, thermal and 
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abras ion -res is tan t properties- In particular the glass" 
ceramics containing magnetic phases can be studied usefully 
with Mbssbauer spectroscopy. In the glass— ceramic Ha^O-SiC^ - 
FegO^-l^O^ , yttrium iron garnet (YIG) can be precipitated by 
suitable he at -treatment . The results of the Mbssbauer, EPR 
and magnetization measurements of this glass composition 
(labelled Y6) are presented first. Measurements were carried 
out on the as-quenched Y6 sample as well as the Y6 samples 
heat-treated for 4 h at 400, 500, 6CG, 650, 700, 750, 810 
and 850 °C. The Mossbauer spectra from the as-quenched sample 
as well as the first six samples showed a quadrupole splitting 
while the last two samples as well as the sample heat-treated 
first (i) by a two-stage process at 600 °C and then at 750 °C 
for 4 h each, and (ii) at 700 °C for 40 h showed a hyperfine 
as well as quadrupole splitting. The behaviour of the isomer 
shift (IS) and quadrupole splitting (/\ 3 ) with the heat- 
treatment temperature show significant changes at the glass 
transition and crystallization temperature. The Mbssbauer 
data have been found to be consistent with optical and 
electron micrographs which show a large variation in the 
particle size of the precipitated magnetic phase. This has 
been further correlated with EPR and magnetization data. 

This work has provided a characterization of the magnetic 
phases precipitated in the samples after different heat- 
tre atments . 



xxv i 


It is well known that the crystallization kinetics of 
the TIG phase precipitated in the Na. 20 -SiC> 2 -Fe 20 ^-Y 20 ^ glass 
(Y 6 ) can be enhanced by using suitable nucleating agents 
such as the oxides or * The effect of the nucleating 

agents on the crystallization of YIG was studied by X-ray and 
M'dssbauer spectroscopic studies by selecting samples of 
different compositions and by subjecting them to various 
he at -treatment schedules in the temperature range 720-820 °C . 
These studies have indicated that ^ 2^5 i s more favourable for 
crystallization of YIG. Analysis of the results suggested 
an optimum growth-temperature for the crystallization of the 
YIG phase to be 800 °C in the sample with ?2®5 as nuc l ea ~ 

ting agent. The sample heat-treated at the growth-temperature 
for 40 h was found to be not as favourable for crystallization 
of the YIG phase as the sample heat-treated at two temperatures 
Last part of Chapter 3 describes the M'dssbauer spectro- 
scopic, X-ray and magnetization studies of the magnetic 
properties of the glass-ceramic system 45 PbG- 35 B 20 ^- 4 Al 20 ^- 
10 Fe 20 ^- 6 * ® a "t a the as-prepared samples and samples 

heat-treated at 330, 500, 560 and 660 °C (for 4 h each) were 
analyzed and they indicated the presence of large ' a-Fe 20 ^ 
particles surrounded by smaller spinel particles. A compen- 
sation temperature observed at 180 °C has been ascribed to an 
exchange interaction of the surface ions of a-Fe 20 ^ with the 
surrounding spinel phase . 
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Chapter 4 describes the M'ossbauer spectroscopic and 
other studies of the metallic glass (or amorphous metallic 
alloy) system ^ e ioo_ x ® x * During the last decade the metallic 
glass systems have been widely studied because of the theore- 
tical and technological interest in these materials. Although 
several M'dssbauer spectroscopic studies of the Fe-^QQ_ x B x glass 
system have been reported in the literature, the kinetics of 
the crystallization process in these glasses pg * not clearly 
understood yet. In order to obtain more information about 
the crystallization process in - e poO-x®x we ^ ave studied this 
system by selecting samples having the boron content x = 13 , 
16, 18, 20, 22 and 26. The as-prepared samples as well as 
samples heat-treated at 100, 200, 300, 350 and 400 °C for 1' h 
each and at 350 and 400 °C for 4 h each were studied with 
M'dssbauer spectroscopy, DTA and transmission electron 
microscopy (TEM) techniques. Systematic behaviour of the 
Mdssbauer parameters like isomer shift (IS) and hyperfine 
magnetic field (H^ n ^_) for each temperature for different x is 
presented and analyzed. Observed Mbssbauer spectra were 
analyzed to obtain the hyperfine magnetic field distribution 
p(H) using Window's method. The MSssbauer spectra for 
various samples were carefully examined to identify contri- 
butions from Fe^B, Fe 2 B and a-Fe with an aim of determining 
at what temperature, for different x, the various phases get 
crystallized in the amorphous alloy ^ e p()o-x®x* resu ^’* ::s 
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of Mbssbauer spectroscopy were compared with those obtained 
from DTA and TEM measurements with an aim of seeking corro- 
borative evidence. Such a combined analysis led to a better 
understanding of the crystallization of the ^ e ioO-x®x S-^ ass * 

Chapter 5 describes the study of the roasting and 
leaching processes of pyrite minerals by Hb'ssbauer spectro- 
scopy. Pyrite mineral contains iron sulphide (PeS 2 ) and 
iron can be extracted from it by using different methods of 
ore dressing of which roasting and leaching are two different 
methods. As a result of roasting pyrite transforms into 
pyrrhotite (Fe-, S) and magnetic oxides of iron such as 
a-FegO^ and/or y-FegO^. The latter kinds of magnetic 
oxides can be separated out by magnetic methods for subse- 
quent extraction. It is, therefore, important to know the 
kinetics of the roasting of pyrite and to determine how and 
when the different magnetic oxides are formed. We have 
studied these kinetics by observing Mb'ssbauer spectra of 
pyrite mineral roasting at 610 + 5 °C at time periods t = 

0.0, 0.5, 1.0, 2.0, 5-0, 15-0, 30.0 and 60.0 mins. These 
studies have helped to determine optimum time period for 
efficient transformation into the magnetic oxides a-Fe 20 ^ 
and y-Fe 20 ^ . 

In recent years bacterial leaching of pyrite 
minerals has been carried out using the microorganism 
T. ferrooxidans . This process of bacterial leaching of 
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pyrite minerals has been studied by us using Mossbauer 
spectroscopy. These results are discussed towards the end 
of Chapter 5* The observed results are analyzed to establish 
the phases containing iron and the valency states of iron. 

It is felt that these two types of studies of pyrite 
minerals provide a novel application of Mossbauer spectro- 
scopy in the area of extraction metallurgy. 



CHAPTER 1 


INTRODUCTION 
1 .1 MBssbauer Effect 

MBssbauer effect is the name given to the phenomenon of 

recoilless emission and absorption of the nuclear radiation 

when the radiating system is embedded in a solid. It was 

discovered by the German physicist, R.L. MBssbauer [l] in 1958 

and it rapidly developed into a sensitive spectroscopic 

technique which has been applied to the study of a variety of 

interesting problems in solid state physics, solid state 

chemistry, metallurgy, material science and many other areas. 

Several excellent reviews of the techniques of MBssbauer 

spectroscopy exist in the literature [2-7] and in view of this 

no attempt will be made here to describe this technique in 

detail. However, for the sake of completeness we shall briefly 

outline the basic principle, methodology and applications of 

MBssbauer spectroscopy in this Chapter. 

let us consider a system of mass M (which may be a 

nucleus or an atom) having two levels A and B, separated by 

an energy E . Considering the transition of the system from 

s 

level B to level A by the emission of a photon of energy E 
and applying the law of conservation of momentum we can write 
the recoil energy R of the system as 



2 


P_ 

2M 


2 p 2 (By ) 2 

— — mmmm — 

“ 2M " 


( 1 . 1 ) 


2Mc 


where p and P are the linear momenta of the photon and the 

recoiling system respectively and c is the velocity of light. 

2 

Remembering that Me ’ / E Q , we can write 


,t 2 


R = E Q / 2Mc 


( 1 . 2 ) 


.Conservation of energy leads us to 


E 0 = E® + R or E® = E 0 - R (1.3) 


In a similar manner we can consider the excitation of 
the system from the level A to B and realise that the energy 

cl 

E^ of the incident photon should provide an extra amount of 
recoil energy E Q over and above the transition energy E Q . We 
t hus have 

E* = E 0 + R (1.4) 

Further it is well known that the excited state B 
does not possess single energy E Q but is characterised by a 
spectral line shape £o(E) centred around E Q such that 


(E) 


1 

1 + 4(E - E 0 ) 2 /p 2 


(1.5) 


where P , the natural linewidth of the state , is related to 
the mean lifetime, t through Heisenberg's uncertainty 
principle 

f 7 .t = h/2-n: 


( 1 . 6 ) 
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where h is the Planck’s constant. The energy of the stable 
ground, state is very sharp because it has t and ] ‘ — 7 0 . As 
a result, the energy of the photon emitted in the transition 
from level B to A displays a natural line shape similar to 
(1.5) but centred around B® which is given by (1.3) • . Similarly 
the energy of the photon which can induce a transition from 
level A to B also displays, a distribution similar to (1.5) but 
centred around E^. An emission of photon will be followed by 
a resonant absorption when E = E and is determined by the 

y y 

overlap of the two distributions 


6- s (E) = 

eo a (B) = 


[1 + 


E1 + hL^ r x 


and 


(1.7) 


In Eig. 1.1 we show the nature of this overlap for two 
cases : (a) the atomic system (emission of an optical photon) 
where RvfPand (b) the nuclear system (emission of a gamma 
ray) where R»P . It may be noticed that the overlap is very 
small in the case of a nuclear system. 

Mdssbauer discovered that in the case of nuclear gamma 
rays the overlap of the emission and absorption lineshape 
spectra can be increased by significant amount if the emitting 
and absorbing atoms are sufficiently tightly bound inside a 
solid lattice, thus increasing the efficiency of the resonant 
absorption. 
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The above discussion is based on classical arguments. 

In terms ox quantum mechanics we can describe MSssbauer effect 
by saying that it consists of an enhancement of the probability 
for observing the zero phonon events (i.e. events in which 
there is no transfer of energy to or from lattice) over one 
phonon, two phonon or higher events. 

It has been shown that the probability, f, for zero 
phonon event (f is usually termed as the re coil -free fraction) 
for a Debye solid at T = 0 K is given by 

f = exp(- 3R/2ke D ) (1*8) 

where k is the Boltzmann constant and ©^ is the Debye tempe- 
rature of the solid. 

The above discussion makes it clear why the MSssbauer 

effect can be observed only for a small number of nuclides. 

For the observation of the Mossbauer effect f must be signifi- 

2 

cantly large and this means that R<x k©.^. Since R a E Q , we 
may think that the solution lies in using very low-energy 
gamma rays. However, very low energy gamma rays will have a 
poor emission yield and will need very thin absorbers. In 
most of the practical cases MSssbauer effect is observed in 
the range 10 keV<^E 0 <^ 150 keV, depending on the ©^ value of 
the element involved. 

One nucleus in which the Mbssbauer effect is most 
57 

often observed is Ee and most of the studies in Mbssbauer 

57 

spectroscopy have been carried out in solids containing Fe . 
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It is well known that at room temperatures iron exists in fee 

57 

cubic lattice structure and the Fe nucleus has a ground 

state with spin I = (1/2) ~ and an excited state at 14.4 keV 

with spin I = (5/2) . The radioactive source Co decays 
, ^7 

to " Fe with a half-life of about 270 d via electron capture 

(Fig. 1.2) and can be conveniently prepared through the 

56 57 

nuclear reaction Fe(d,n) Co. As seen in Fig. 1.2, the 

57 

radioactive decay of Co leads to the excited states of 

57 — — 

Fe and the transition from the (3/2)~ state to the (1/2) 

state provides the gamma ray for studying the Mbssbauer 

effect in the ^Fe nucleus. Some interesting data [8,9] 

57 57 

about Fe is given in Table 1.1. Besides Fe , there are 

many other nuclei in which Mossbauer effect is studied and 

their detailed properties are reviewed in the literature 

tr rr 

[2-9]. We have discussed the properties of Fe alone 

57 

because the present study used only the Fe Mbssbauer 
transit ion . 

The experimental methodology that is used in obser- 
ving the Mbssbauer effect will be summarised in the next 
Chapter. In the next three sections we describe how the 

quantitative information about the hyper fine interaction 
57 

between the ' Fe nucleus and its surroundings is obtained 
through the parameters like isomer shift, quadrupole split- 
ting, effective magnetic field etc. 



57 CO (270d) 
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TABLE 1. 1 

cr'7 

Parameters for the 14.4 keV Mbssbauer transition in 'Pe [8,9] 

1) Isotopic abundance = 2.14 % 

2) Energy = 14.41303 (8) keV 

3) Half-life, ty 2 = 97.81 (14) ns 

4) Ratio of the excited and ground state nuclear magnetic 
moments, R = - 1.7145 (5) 

H* 

5) Nuclear magnetic dipole moment of the excited state = 

(i = - 0.15534 (5) nm 

6) Nuclear electric quadrupole moment of the excited state = 
Q = + 0.209 (15) barns 

7) Total internal conversion coefficient, = 8.21 (12) 

8) Debye temperature, = 440 K 

-20 —2 

9) Mdssbauer cross section = 256(3) x 10 cm 

10) MOssbauer linewidth (theoretical full width at half 
maximum) = 0.1940 mm sec 

11) Recoil energy, E^ = 1.957x10 ^ eV 

12) Conversion factor 1 mm sec ^ = 11.6248 (1) MHz. 
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1 *2 Hyperfine Interactions 

The nature of the Mdssbauer spectrum and the number 

and positions of the peaks observed in a Mbssbauer spectrum 

are sensitive to the extranuclear environment and as a 

result different spectra are observed from different compounds 
57 

of Fe . To understand these differences in the spectra, one 
has to understand the effects of the so-called hyperfine 
interactions on Mossbauer spectra. These hyperfine inter- 
actions include the interactions between the charge (and 

57 

current) distributions of the Mossbaue r nucleus (e.g. Fe ) 
and the extranuclear electric and magnetic fields. 

These hyperfine interactions can be described in terms 
of the Hamiltonian 

H = E 0 + M-l + e 2 + (1.9) 

where E Q describes the electric monopole interaction between 
nucleus and the surrounding electrons, describes the 
magnetic dipole interaction between the nuclear magnetic 
dipole moment and the surrounding extranuclear magnetic field 
and E 2 describes the electric quadrupole interaction between 
the nuclear electric quadrupole moment and the electric field 
gradient of the surrounding electrons. Terms higher than E 2 . 
are small and can be usually neglected. 

The first term, E , causes a change in the energy 
separation between the ground and the excited states of 
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the nucleus (e.g. ^Fe). Depending on the chemical state of 

57 

the compound containing Fe the amount of this change will 
he different for the absorber and the source. As a result 
the position of the peak in the M'Ossbauer lineshape is 
shifted and the amount of the shift is known as isomer shift 
(IS) or chemical shift. 

The presence of other two terms Mp and singly or 

jointly, causes a splitting of the energy levels and this 
gives rise to multiple lines in the Mbssbauer spectra. The 
peak positions and intensities of these lines provide valuable 
information about the hyperfine interaction as discussed in 
the following sections. The aim of the present work is to 
use the Mossbauer parameters like isomer shift, electric 
quadrupole splitting, magnetic hyperfine splitting etc. for 
characterizing different compounds of iron and the magnetic, 
non-magnet ic phases etc. rather than studying these para- 
meters in a fundamental manner. In view of this the discussion 
in the following sections will be given in its barest outline. 
The subject of hyperfine interaction is discussed in detail 
in many excellent reviews and monographs [2-7,10]. 

1 . 3 Isomer Shift 

Isomer shift is one of the important Mbssbauer 
parameters and it measures the difference between the 
M'bssbauer transition energy in the source and absorber when 
both of them are at the same temperature . Isomer shift is 
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usually quoted in terms of the relative velocity between the 
source and absorber. It arises out of the electrostatic 
interaction (electric monopole interaction) between the 
charge distribution of the nucleus and those surrounding 
electrons which have a finite probability of being found in 
the volume of the nucleus. As a result of this interaction, 
the nuclear energy levels do not show any splitting but there 
is a small but measurable shift of Mbssbauer energy levels 


in a compound compared to that in a free atom. This effect 
is illustrated in Fig. 1.3a, where this shift is shown to be 


different in source and absorber. The energy of the Mb'ssbauer 


gamma ray in the source is denoted by E while that in the 

£L S 

absorber is shown by E^ and the difference between and 

cl — Q 

Ey is typically of the order of 10 eV. In order to observe 
the resonance in this case, therefore, one will have to 


provide a Doppler velocity v, to the source (or absorber) so 
that [E® + (v/c) B®] = E^. In the absence of electric 

quadrupole or magnetic dipole interaction, isomer shift 


manifests itself as the shift of the single resonance from 
the zero velocity (Fig. 1.3b). If the electric quadrupole 


or magnetic dipole interactions are also present, the isomer 


shift is determined from the centre of gravity of the 
Mb'ssbauer spectrum and it gives a measure of the strength 
of the electric monopole interaction. 


The subject of isomer shift has been discussed in 
detail in several reviews [3-10] and we shall not go into 




Source(S) 


Absorber ( Ai 


ig.i.3 -Effect of monopole interaction on the energy 
levels of source and absorber. 


Velocity (mm/ sec) 


Fig.x.3 - Mossbauer 
interaction 
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these finer details here. We shall, however, outline a 

simple calculation of the isomer shift using a classical 

treatment [ll] . Let us consider the effect of the overlap 

between the nuclear charge density and the s-electron 

density by assuming the nucleus to be a uniformly charged 

sphere' of radius R. We denote the s-electron density at 

the nucleus by [^(O) ] and assume it to be constant over 

the nuclear volume . Let 6E denote the energy difference 

between the electrostatic interaction of a point nucleus 

with [t(0)J and the electrostatic interaction of a finite- 

2 

size nucleus having a radius R with [“f'(O) ] . It can be 

s 

shown that 

6E = K [f(0) s ] 2 R 2 


where K is a nuclear constant. The value of. 5E will be 
different for the excited and ground nuclear states because 
the R values are different for these two states. Using the 
subscripts e and g for the excited and ground nuclear states 
respectively, we have 


6E e - 6E g = E [f(0) s ] 2 (R 2 - r|) 


( 1 . 10 ) 


57 

For a given nucleus (e.g. ' Fe ) the R-values will be 

2 

constant but the values of [^(0)] will vary from one 

' o 

compound of iron to another. Comparison of the nuclear 

s 

transition energy in a source (E^ ) with that in an absorber 
(E^) involves the above energy difference which can be 
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measured in a Mbssbauer experiment. As mentioned earlier 
the isomer shift (IS) can be expressed in terms of the 
Doppler velocity which is to be given to the source to 
observe the resonance. An expression for IS can be obtained 
by writing the difference of eq. (1.10) for source and 
absorber to obtain 

IS = K (Rg - - [f(0) s ]H (1.11) 

where the subscripts a and s correspond to the absorber 

and source respectively. In usual practice, one uses a 

57 

standard source material, e.g. Co in Rh for Fe Mbssbauer 
spectra or BaSnO^ for Sn Mbssbauer spectra. If we write 
6R = (R e - Rg) and recognise that 6R is very small, we 
can write 


IS = 



( 1 . 12 ) 


where C is a constant whose value depends on the source 

used. It is thus seen from (1.12) that the IS depends on 

two factors, the first one being the nuclear factor 6R 

2 

while the second one is an extranuclear factor [^(O^j . 

57 

For a given nucleus like Fe , the value of 6R is a 
constant and the value of IS is directly proportional to 
the s-electron density at the nucleus. In the case of 
-^Fe , 6R is negative and thus the IS-value becomes more 
negative with an increase in the s-electron density at 

tr n 

the absorber nucleus v Fe ) . In this way a variation in 
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the s-electron density leads to changes in the IS. In 
addition changes in the p or d electron density also induces 
changes in the IS value even though the p or d electrons 
do not directly interact with the nuclear charge density. 

Study of Mossbauer spectra of the different 
compounds of iron has shown that, the range of values of IS 
falls in different classes depending on the oxidation states 
of iron. This is brought by the data presented in Table 1.2 
and in Pig. 1.4 for compounds in which iron ion has a high- 
spin configuration. In this way the oxidation state of 
iron in a solid can be determined from the examination of 
the measured IS value. 

57 

In Pig. 1.5a we have plotted the Pe isomer shifts 
against the coordination number for ionic high spin and low 
spin compounds and minerals. The arrows marked on the boxes 
indicate that values outside the ranges shown (boxed areas) 
have also been observed. Similar data for the quadrupole 
splitting are shown in Fig. 1.5b. 

Different authors quote their results for the IS 
relative to different sources or to different absorbers. 

In order to have a universal comparison, it is necessary 
to have a ^Fe isomer shift scale for sources (or absorber) 
as shown in Pig. 1.6. 

In the present work we have studied different glass- 
systems, minerals and other materials by Mdssbauer spectro- 
scopy and have analyzed the results for the IS values in 
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TAB IH 1.2 

Isomer shift and quadrupole splitting for iron in various 

electron configuration d n . (+) 


n n 

d 

Oxidation State 

IS* [10] 

(mm sec"^) 

AE [4] 

(mm sec~^) 

a 7 

+ 1 

1.90 

- 

a 6 

+ 2 

1.20 

1.5 - 3.7 

d5 

+ 3 

0.45 

0.0 - 1.0 

d 4 

+ 4 

0.0 

- 

d 2 

+ 6 

1 

O 

• 

— 

( + ) 

IS = Isomer shift. 

AE = Quadrupole 

splitting 


*With respect to a-Fe . 
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terms of the octahedral/tetrahedral coordination. We have 
reproduced in Pig. 1.7 results for the IS values for some 
crystals and glasses classified according to octahedral/ 
tetrahedral symmetry [ 13 ]. 

The results shown in Table 1.2 and Figs. 1.4-1. 7 will 
be useful when the results of our measurements are analyzed 
in Chapters 3 to 5. 


1.4 Quadrupole Splitting 

In the last section the treatment of isomer shift 
was based on the assumption that nucleus is spherical and 
that it has a uniform charge density. In case these assump- 
tions are not valid and if the nuclear spin Iy>l/2, there 
will be an interaction of the nuclear charge density with 
the extranuclear electric field. More precisely the Z- 
components of the electric field gradient (SFG) tensor will 
interact with the electric quadrupole moment of the nucleus. 
Such an electric quadrupole interaction leads to a splitting 

of the nuclear energy levels, let us consider the case of 
57 

Pe nucleus for which the spins of the excited and the 

ground . states are I = 3/2 and I = 1/2 respectively. The 

e g 

higher level ( I Q = 3/2) splits into two levels (mj = + 3/2, 
m-j. = + 1/2) while the I = 1/2 level remains unsplit (or 
degenerate) as shown in Pig. 1.8. Selection rales allow 
both the transitions m ® = + 3 /2— ^ m® =+1/2 and m^- = 

+ 1/2— ?m® = + 1/2 (Pig. 1.8). This results in a doublet 
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or two-line Mdssbauer spectrum from which the quadrupole 
splitting ( QS or ,A E ) is obtained as the separation of the 
two peaks while the isomer shift is obtained from the sepa- 
ration of the centroid of the two peaks from the zero of the 
velocity scale for the source . 

The theory of quadrupole splitting is discussed in 
many texts [2-9]. In the case of 57 Fe (which has I = 3/2) 
the quadrupole splitting E) can be expressed as 

QS = A E = 1/2 e 2 q Q [l + r] 2 /?] 1 / 2 (1.13) 

where Q is the electric quadrupole moment of the nucleus, 
and 

eq = = the negative of the Z-component of the electric 

field gradient (EFG) 
e = protonic charge 

rj = the asymmetry parameter = ( - Y^j) /Y^^. 

Analysis of the ib E (or QS) values determined from 
the observed M'dssbauer spectra provide valuable information 
for studying the solid. In Fig. 1.5b we have plotted the AE 
values against the coordination number for different ionic 
high sp ins . 

1.5 Magnetic Hyper fine Splitting 

Detailed discussion of the magnetic hyperfine splitting 
of Mdssbauer spectra is given in literature [2-9]. We give 
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here a brief outline of the magnetic hyperfine splitting in 

57 

the case of Fe because it will be used in the interpreta- 
tion of our results for different samples presented in 
Chapter 3 to 5. 

The magnetic dipole moment of a nucleus having 
spin I is given by 

% = % I (1-14) 

As a result of the magnetic interaction between this magnetic 
dipole moment and the applied or local (extranuclear) magnetic 
fields at the nucleus, the degeneracy of the nuclear energy 
levels is completely removed (Fig. 1.9). Taking into account 
the different g^ values of the ground and excited states and 
the selection rules & = 0, + 1, it can be shown that a 

symmetric six-line M'ossbauer spectrum will be observed. The 
isomer shift is determined by the centre of gravity of the 
six peaks. Although the line-widths of the six peaks are 
in general equal, their intensities are different, being 
given by the following equations : 


M 

H 

(1 


= 3(1 + cos 2 e) 

(1.15a) 

II 

C\J 

H 

J 5 

= 4 sin 2 © 

(1.15b) 

^ = 


= (1 + cos 2 6) 

(1.15c) 


where © is the angle between the direction of propagation 
of the radiation and the effective magnetic field • In 
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Isomer shift Magnetic dipole Magnetic dipole 
splitting splitting* electric 

Quadrupole 

perturbation 



Velocity (mm sec“l) 

■pjt „ i q Effect of the ascetic hyper ' ine interaction on the 
’ nuclear energy levels cf the source/absorber * 



the case of a sample for which the magnetic domains are 
randomly oriented, the ratio of the areas of the six lines 
is 3:2:1: 1:2:3. 

In the case of many magnetic substances, the electric 
quadrupole and magnetic dipole interaction will be present 
concurrently. This makes the spectra more complicated and 
such situations are discussed in the literature [2-9]* 

One of the important applications of the magnetic 
hyperfine splittings is for the calibration of the Mbssbauer 
spectrometer. One usually records a M'ossbauer spectrum of 
natural Fe (as absorber) at room temperature and obtains a 
spectrum similar to the one shown in Fig. 1.9* The 
position of the six lines of Fe are as follows : - 5*328, 
-3.083, -0.838, +0.838, +3.083 and +5-328 mm sec -1 relative 


to Fe source. 

The determination of the effective magnetic field 
for a given sample can be done with the help of the 
following equations. 


® ( 3/2 , + 1 / 2 )— 7 *’ ( 1 / 2 , + 1 / 2 ) 


S (3/2, +1/2 )-> (1/2, -1/2) 


o ^(3/2, +1/2) — ^ (1/2, +1/2) (3/2, +1/2)—^ (1/2, -1/2 P 

= (p g H)/(l/2) (1-16) 


and 
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E (3/2 , 3/2)-* (1/2, 1/2) “ S (3/2, +1/2 )-> (1/2, +1/2) ~ 

E 0 

~ [V (3/2, 3/2)— > (1/2, 1/2) “ V (3/2, 1/2)-* (1/2, l/2) ] 

(^ e H)X3/2) (1.17) 

where E represent the energy state of corresponding level. 

The value of H from these two equations (1.16) and 
(1.17) can be found out if the value of p and p are known. 
The value of p^ obtained by Ludwig and Woodbury [14] by 
using the nmr technique is +0,. 0903+0 .0007 nm. Using the value 
of Pg and E q = 14.4 keV the magnetic hyperfine field H ,.^ 
is given by 

H int = °- 8 43xl0 5 +1 / 2 )-* (1/2, +1/2) 

“ V (3/2, +1/2)-} (1/2, -l/2) ] 0e 

= 0.843x10^ [L^ - L-^J x Calibration constant Oe 

where and are the position of third and fifth line. 

By using this value one can also find out the value of p 0 . 

1 • 6 Motivation Behind the Present Work 

In Table 1.3 we have summarized the relationship 
between variables measured using Mossbauer spectroscopy 
and various research fields. 

As outlined in the Synopsis the present work 

t 

describes Mossbauer spectroscopic and other studies of 
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using M'dsshauer spectroscopy and various research 
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three kinds of solids, namely, glass ceramics , amorphous 
metallic alloys (or metallic glasses) and pyrite minerals. 
Although the background and motivation behind these research 
problems will be discussed in detail in Chapter 3 to 5 , we 
outline here, a brief discussion of the problems studied by 
us . 

Today glass ceramics form an important class of 
materials in view of their superior mechanical, thermal and 
abrasion-resistant properties. Among these, the glass 
ceramics containing magnetic phases hold a special interest. 
Mossbauer spectroscopic studies can provide valuable infor- 
mation about glass ceramics and such studies along with 
differential thermal analysis, electron paramagnetic 
resonance, magnetization, optical and electron microscopic 
and X-ray diffraction studies allow us to have a better 
understanding of the physical properties of the glass 
ceramic systems. In the present work we have chosen the 
glass ceramic NagO-SiC^-di^O^-YgO^ i* 1 which yttrium iron 
garnet (TIG) can be precipitated by suitable heat -treatment . 
This particular composition has been studied by taking the 
as-prepared samples as well as samples heat-treated for 
different time periods and at different temperatures in the 
range 400-850 °C with a view of characterizing the magnetic 
phases precipitated in the samples. In the next stage of 
study the effect of the nucleating agents on the crystalli- 
zation of YIG- in the above glass ceramic (Fa 2 0-SI02-Ee2 0 3“ Y 2 Cl 3^ 
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was investigated since it is known that the crystallization 
kinetics of the TIG- phase can be enhanced by using suitable 
nucleating agents such as the oxides £* 2^5 or ^ ne 

more glass ceramic having a composition 45Pb0-35B20^-4Al20^- 
lOFe^O^-bYgO^ was also studied with an aim of studying the 
magnetic properties of this system. 

In the recent years metallic glasses (amorphous 
metallic alloys) have invoked tremendous research interest 


in view of their interesting technological applications. 

Among these metallic glasses the system ^' e poO-x^x ^ La< ^ '* 3een 
well studied with Mossbauer spectroscopy and other techniques 
by different workers for different concentrations (x) of 
boron by measuring their properties at different temperatures. 
Although such studies in the past have provided valuable 
information about the crystallization process jnrthe metallic 


glasses, the kinetics of crystallization are not clearly 


understood yet. In the present work we have aimed to 


further characterize the crystallization process by selec- 
ting samples of amorphous P e qoO-x®x = ^ ' i:0 ^6) alloys 
and subjecting them to heat-treatments over different 


time periods and at different temperatures. The heat- 
treatment schedule was programmed so as to follow the 
kinetics of crystallization upto a temperature where the 
crystallization is more or less complete. Various samples 
have been studied by employing Mbssbauer spectroscopy, 
differential thermal analysis and transmission electron 
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.microscopy so that corroborating results could be obtained. 

In the present work we have also studied the roasting 
and leaching process of pyrite minerals by Mossbauer spectro- 
scopy. Pyrite contains iron sulphide (FeS 2 ) and can be 
beneficiated by different methods of ore dressing prior to 
extraction of iron. Roasting of pyrite mineral leads to 
pyrrhotite and magnetic oxides of iron such as a-Fe 20 ^ and/ 
or y-P^O^. The latter types of oxides, being magnetic, 
can be separated out by magnetic methods for subsequent 
extraction. It is therefore important to know the kinetics 
of the roasting of pyrite and to determine how and when 
the different magnetic oxides are formed. We have studied 
these kinetics by observing Mo'ssbauer spectra of pyrite 
mineral roasted at 610 5 °C at different time periods 

ranging from t = 0 to t = 60 mins. 

Recently the micro-organism T. ferrooxidans has 
been used for bacterial leaching of pyrite minerals. We 
have studied these bacterial leaching process of pyrite 
minerals by Mbssbauer spectroscopy with an aim to establish 
the phases containing iron and the valency states of iron. 

We feel that these two types of studies of pyrite minerals 
provide a novel application of Mossbauer spectroscopy in 
the area of extraction metallurgy. 
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CHAPTER 2 


EXPERIMENTAL METHODS 
2 . 1 Introduction 

The following instruments form the basic units in a 

Mbssbauer spectroscopy experiment. In the experiments 

carried out by us and described in this work we have used 

57 

only the 14.4 keV gamma-ray in the Fe nuclei for observing 

Mbssbauer effect. We shall, therefore, limit ourselves to 

57 57 

the case where Co is the radioactive source and Fe is 

the absorber used in Mbssbauer experiment. These instru- 
ments are shown in the block diagram of Fig. 2.1 and they 
are ; 

( i) Radioactive source which can emit gamma ray (e.g. 

14.4 keV gamma ray emitted in the electron capture 
decay of ^Co to "^Fe nucleus) suitable for observing 
Mbssbauer effect. 

( ii) Mbssbauer spectrometer having an electromechanical 
- transducer for providing either constant or accele- 
rated relative velocity between the source and 
absorber. 

57 

( iii) Sample to be studied (containing Fe nuclei) as 


an absorber. 



35 


(iv) In some studies it is necessary to carry out measure- 
ments not only at room temperature but also at lower 
(e.g. liquid nitrogen) or higher (e.g. 800 K) 
temperatures. Correspondingly a cryostat or an oven 
is required for housing the absorber or the source 

as required by the objectives of the experiment. 

(v) Nuclear radiation detector for counting the gamma- 
rays . 

(vi) Electronic instruments . Two types of such instruments 
are required. First kind consists of instruments 
required to process the gamma -ray signal, i.e. 
stabilised high voltage power supply, preamplifier, 
amplifier, single channel analyzer etc. The second 
type of instruments consists of electronics required 
to -drive the transducer and to pick up and analyze the 
signal in the multichannel analyzer according to the 
velocity information. 

In this Chapter we shall provide brief description of 
the apparata used in the present experimental work. This 
description is divided according to the different parts 
shown in Fig. 2.1. Detailed description of the general 
methodology of Mossbauer effect has been reported in 
literature [1-8] and will not be given here. 
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2 .2 Radioactive Source 

The desirable properties of the radioactive source 
used in Mbssbauer spectroscopy are follows: 

( i) The source material should be deposited in a host 
matrix which should be chemically stable. 

(ii) The emitted gamma-ray should provide a single line 

(in the energy spectrum). In other words there should 

be no electric field gradient or Zeeman splitting due 

57 

to internal magnetic field at the site of the Re 
nuclei in the Mbssbauer source. 

(iii) Recoil -free fraction in the source matrix should be 
large . 

( iv) Line broadening introduced by the effects of self- 
absorption, thickness etc. should be minimu m. 

(v) Radiation not contributing to the Mbssbauer effect 
such as characteristic X-rays, gamma-rays and X-rays 
arising out of Compton scattering, photoelectric 
effect etc. should have low intensity. The energy of 
the 'interfering' radiation should be such that they can 
be clearly separated from the 'resonant' gamma ray 
(14.4 keV) in the energy spectrum. 

In our experiments we used the radioactive source of 
^ 7 Co deposited in Rh metal (host matrix) foil. The source 
was purchased from Amersham International Ltd., Amersham, 

U.K. and its initial activity was 24 mCi. The recoil-free 
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fraction of this source as specified by the supplier was 
0.76. The characteristic X-rays of Rh have energies in the 
range 22-23.2 keV (which is quite high compared to 14.4 keV, 
the energy of the Mossbauer gamma ray) and could be filtered 
out easily. The source gave a single Mbssbauer line observed 
with our Mbssbauer spectrometer using potassium ferrocynide 
absorber (at room temperature) with a full -width-at -half- 
maximum ( FWHM ) of 0.22 mm sec -1 . The linewidth observed 
with sodium nitroprusside as absorber (at room temperature) 
was 0.22 mm sec -1 . 

2 • 3 Mbssbauer Spectrometer 

The Mbssbauer spectrometer used in the present work 
was designed and developed in this Institute [9] and built 
by M/s Encardio-Rite , Lucknow, India. This spectrometer 
could be run in three modes (a) constant velocity (b) 
constant accelerator and (c) sinusoidal velocity. In our 
experiments we had run the spectrometer in constant accele- 
rator mode throughout. In the spectrometer a precision 
velocity drive was realized by generating a signal with 
highly stable amplitude, frequency and phase and placing 
the transducer in a feedback loop. The resulting velocity 
is sensed by a pick-up coil and the pick-up voltage is 
compared with the reference signal representing the desired 
velocity. The block diagram of the circuit is shown in 
Fig. 2.2. 
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The transducer is driven at a frequency of 20 Hz. A 
crystal oscillator is used as a basic frequency standard to 
ensure a stable frequency and amplitude of the transducer. 
This crystal oscillates at a frequency of 100 kHz and its 
output is scaled down by JK flip-flop to a 20 Hz square 
wave. The reference signal was a triangular wave generated 
by integrating a square wave with the help of an active 
integrator consisting of IC 741. 

The transducer consists of a conventional double 
speaker arrangement having a drive coil and pick-up coil. 
The velocity is monitored by comparing the pick-up signal 
with the reference signal in an error amplifier. The 
difference between the two signals, called the error signal 
is a measure of the deviation from the designed velocity. 
Error amplifier output is fed to the power amplifier which 
drives the transducer (Pig. 2.2). There is a synchroniza- 
tion between the transducer velocity and reference signal 
in amplitude as well as in phase. 

Starting of the multi-channel analyzer (MCA) is 
effected by a pulse which is obtained by scaling down the 
complementary output of the penultimate 7 2 stage by a 
factor of 2 which is again applied to monostable multi- 
vibrator ( IC 74121) through a level shifter to get a 
narrow pulse of width 10 pS . This complementary output 
synchronises the opening of the first channel of the 
multichannel analyzer (MCA) with the negative maxima of 
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the velocity reference signal. 

The construction of the transducer used is shown in 
Pig. 2.3. Impedance of both the power amplifier and the 
transducer are matched to each other. The magnetic field 
and the number of turns on the coil is chosen in such a way 
that the conversion of the electrical energy to the mecha- 
nical energy is reasonably efficient. 

The transducer is designed in such a way that the 
frequency of the external vibration is far away from the 
resonance frequency. The drive coil and the pick-up coil 
are wound. in grooves, at the two ends of a common holder, 
having diameter of 38 mm which is made out of perspex. 

Bach coil has a length of 7.8 mm which is subdivided into 
three coils of length 2.6 mm each. The three pick-up coils 
are connected in series and the drive coils are in parallel 
in the normal operation for impedance matching of the drive 
coil and to improve the linearity. 

2 .4 Absorber 

2.4.1 Standard absorber for calibration 

In our experiment we have used the following standard 
absorbers for calibrating the Mbssbauer spectrometer : (a) 
natural iron (a-Pe) foil 25 pm thick, (b) enriched iron foil 

p E" nr . 

(1.9 mg/cni of 0 'Pe ) and (c) sodium nitroprusside (5 mg/ cm 
of iron). All these absorbers were obtained from the 
Amersham International Limited, Amersham, U.K. 
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2.4*2 Sample preparation 

For each measurement the Mbssbauer absorber was prepared 
according to the nature of the problem to be studied. The 
method used for preparation of each of the sample absorber 
is given in the following Chapter at the appropriate place. 

2.4.3 Optimization of the absorber thickness 

In Mbssbauer spectroscopy the recoilless emission and 
and absorption resonance is affected by the thickness of the 
absorber and source. The Mbssbauer line is broadened out due 
to the thickness of both the absorber and the source. A 
number of studies made to analyze these effects on the 
Mbssbauer spectrum have been reported [ 10-13]. The area as 
well as peak-width is affected. The area of the lorentzian 
as well as Gaussian is given by 


(f) f s P L(t) or 

(2.1) 

( 5 ) f a P [it/fn2 ] 1/2 G(t) 

(2.2) 


where f_ is recoilless fraction of the garsna ray source 
and P is natural width of the absorption spe«trum and l(t) 
and G(t) is the respective Lorentzian and Gaussian function 
dependent on t, thickness of the absorber. 

The thickness, t, is defined by the relation 

= (Tbfa 


t 


(2.3) 



44 


where a is the resonance cross-section of the absorber 
nuclei and r) is the number of the absorbing nuclei in unit 
area in the path of the gamma rays and f a is the recoilless 
fraction of the gamma ray in the absorber. 

The number of transmitted gamma rays at the reso- 
nance dip as a function of thickness, t, is given by the 
equation [14] 

N(t,v 0 ) = (1 - f) N + U f exp( -t/2 ) J Q (it/2) (2.4) 

where t is the thickness of the absorber, ST and v Q are the 
number of the gamma rays emitted and the Doppler velocity 
respectively. The intensity (i.e. peak amplitude) of the 
M'ossbauer line is given by 

N-N(t,v 0 ) = fS [ 1-exp ( t/2 ) J Q ( it/2 ) ] (2.5) 

where J Q (x) is the zeroth order Bessel function of an 
imaginary argument. 

Equation (2.5) tells that peak intensity (i.e. 
resonance absorption amplitude) is a function of Doppler 
velocity v . It also shows that intensity increases with 
the thickness of the absorber due to the fact that active 
nuclei in the path is more. But at some thickness above 
the limit the non-resonant gamma rays will increase the 
damping and background noise. As a result there is an 
increase of width and distortion of the Mdssbauer spectrum. 



45 


On the other hand when the thickness is very small the 
number of active particles (i.e. which give the absorbing 
resonance) is very small and the peak intensity is very 
poor. This means that very thin absorber is also not 
suitable for good spectrum. The optimum thickness which 
gives good resonance spectrum will be obtained by a compro- 
mise. The amplitude, when non-resonant [15] absorption 
is considered, is given by 

]M(d,v 0 ) = fN[l-exp( -p r d/2) J 0 (ip r d/2)] exp( -p a d ) (2.6) 

where \i a and p r are maximum non-re sonant and resonant 
absorption coeff icients respect ively . The relation between 
resonant and absorption cross-section is given by 

p r = (n/d) a f & (2.7) 

where d is the actual thickness of the sample and n/d is 
the density of the active nuclei. 

The optimum thickness to get a highest peak for a 
given N is given by Shimony [15] 

exp(p r d 0 /2) - J 0 ( i4 r d 0 /2) 

^r^a = J 0 (ip r d Q /2) + J x ( ip r d Q /2) 

where J-j/x) is the negative of the first derivative of 
J 0 (x) i.e. 

d J Q (x) 

^(x) = 


( 2 . 8 ) 
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Another 


consideration for choosing a thickness is the 


ratio of the amplitude of peak and the statistical uncer- 


tainty in the counts and is defined by a 


a = Amplitude of absorption spectrum 

Statistical uncertainty in the counts 

The counts at velocity which is very high compared to v Q is 
given by 

= N exp(-p a d) (2.9) 

If the absorption is not too large the statistical uncer- 
tainty is given by 

an = |>( a ,.<*>) ] 1/2 (2.10) 

= [N exp(-p a d) j 1 / 2 

. . a(d) = ffN[l-exp{-|i r d/2) J Q ( ip r d/2)] exp(-p a d/2) 

( 2 . 11 ) 

Equating the derivative of a(d) (with respect to d) to 
zero, one can get 

n exp ( p r d 0 /2) - J 0 (ip r d / 2) 

= J 0 Un r V 2 > + Jl^r V 2 > 2 ' 12 

and using this equation d Q can be calculated if p r and p a 
are known . 

The above considerations were kept carefully in mind 
when we designed the thickness of the sample absorber. 
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2.4.4 Effect of geometry 

The shape and width of the peak In the Mbssbauer 
spectrum is affected by the geometry between the source, the 
absorber and the detector. There are mainly two effects 
which give rise to distortion in the Mbssbauer spectra. 

i) The distance between the source and the detector is 

continuously changed in the acceleration mode. The counting 

of the gamma rays depend upon this distance. The counting 

2 

rate of the gamma rays varies as (1/r) where r is the 
distance between source and the detector. This results in 
the baseline being non-flat. 

Considered mathematically the velocity V(t), is 
given by the expression 

4V 0 

V(t) = — V Q + -y- t for O^.t^T/2 (2.13) 

4 IT 

= 3V 0 —• t for T/2<t<T (2.14) 

where V , is the amplitude of velocity and, T, its time 
period. The distance between source and detector can be 
obtained by integrating eq. 2.13 and 2.14 and is given by 

2Y r> 9 

X( t ) = -V Q t + -y- t^ + X 0 O^t^T/2 (2.15) 

2V„ o 

= 3V 0 - + x o T/2^t^T (2.16) 

where X Q is the distance between source and detector at 
t = 0. The two equations for different time period will 
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be same for t = T/2 . This gives 


= x o - V 


(2.17) 


writing X(t) = X 0 + &X(t) . 


The variable distance ^X(t) due to the motion of the source 
is given by 


2V „ p 

Ax(t) = _v o (t)+-^t^ 

Of^t <T/2 

(2.18) 

2 V o 

T/2<t ^T 


= 2V c (t) - -if- t 

(2.19) 


The count rate without absorber is given by 


C(t) 


K 

[X c + 2A X( t ) ] 


(2 . 20 ) 


where K is a constant. At the turning point (i.e. when the 
velocity of the source is zero) at t = T/4 and 3T/4 the 
maximum displacement is given by 




X(t) 


max 


V T 
o 

8 


( 2 . 21 ) 


In our experiment the time period of oscillation, T = 50 
milliseconds and velocity V 0 10 mm sec 

X(t) = 0.5 mm 


The count rate C(t) (eq. 2.20) expressed by the help of 
binomial theorem, is 

C(t) = [1 - + 3 (2.22) 

V 
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Since 



is small for X^ 5 cm . 


The first term of the equation (2.22) gives the base- 
line while the second term gives the first order shift in 
the baseline which is 0.1 /. . The other term is very small 
and that can be neglected. The shift in the baseline is 
very small and there is no effect in the spectrum if the 
absorption is much larger. If the absorption is small, care 
must be taken by folding [16] the spectrum about the maximum 
velocity point. This procedure can be followed only if the 
linearity of the velocity cycle is very good in both halves 
of the velocity cycle and there is no significant phase 
shift between the advance pulse of the address scaler and 
velocity waveform. Otherwise, the folding of the spectrum 
may result in bad quality and poor resolution. 


ii) The second effect due to the geometry of the experi- 
ment is the well known cosine effect. Since source, absorber 
and window of the proportional counter has some finite size, 
the gamma rays which reach the counter have different angles 
with respect to the experimental axis. The energy of the 
gamma rays which enter the counter is given by 


E ' ( 6) = E q ( 1-V cos©/ c ) 

where © is the angle of gamma-rays with respect to the 

optical axis of the experiment. The angle © varies from 

0 to © and hence it is difficult to consider an 
max 
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effective velocity. If © is small the peak width will change 
and if © is large the spectrum becomes complicated and 
distorted . 

These considerations were kept in mind while deciding 
the geometry of the experiment. 

2 . 5 Cryostat and Furnace 
2.5*1 Introduction 

In McJssbauer spectroscopy one needs to study problems 
like the phase transitions, variation of the hyperfine 
parameters with temperature, crystallization of amorphous 
systems etc. Such studies require a system in which one 
can change the temperature of the absorber (or source). 

The temperature range required for such studies usually 
varies from 0 K to 1400 K. 

Two types of such facilities were used by us. One 
was the cryostat used for the temperature range 80 K (liquid 
nitrogen) to the room temperature while the other one was 
an oven for the temperature range room temperature to 800 K. 

2.5*2 Cryostat 

A cryostat designed for measurements in the range 
80 K to 300 E (room temperature) and which used liquid 
nitrogen was fabricated by us in the laboratory. The 
design is shown in Pig. 2.4* The two concentric cylindri- 
cal brass vessels are connected by thin walled stainless 
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steel tube. This tube is used for pouring liquid nitrogen 
in inner vessel. A copper rod of 3 cm dia. is attached to 
the inner vessel. This rod, called cold finger, can be 
demounted at any time. The sample i.e. absorber (or 
source) is passed against the cold finger by flat thick 
copper square plate. This ensures a better isothermal 
temperature distribution over the sample. There is space 
between inner vessel and cold finger for introducing thermal 
insulation material for stabilizing the temperature of the 
cold finger at a value higher than 80 K using a heater 
element. To achieve a thermal insulation the vacuum between 
the inner vessel and outer vessel can be kept at about 0.03 
micron with the help of a diffusion pump and a rotary pump. 
Flat nichrome wire is wound on the cold finger near the 
sample with mica sheets as insulator for heating the sample. 
The temperature of the sample is measured by the help of a 
copper-constantan —thermocouple . A window made of mylar 
sheet has been designed for the transmission of the gamma 
rays . 

The sample can be easily changed by opening the 
bottom flange. A temperature controller for controlling 
the temperature of the sample was fabricated here. The 
temperature controller provided an accuracy of the order 
of 0.4 °C. 
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2.5*3 Furnace 

The Mbssbauer study of the sample above room tempera- 
ture is possible using a furnace having a very good vacuum 
and variable temperature (up to 1000 K) facility. A furnace 
has been fabricated in our laboratory by using quartz glass 
tube as shown in Fig. 2.5. The advantages of this furnace are 

i) a very good vacuum can be achieved within a short time, 

ii) The separation between the counter and the source can 

be kept very small, i.e. the Mbssbauer experiment is possible 
with very weak source also, ili) the handling of the furnace 
is very easy and iv) power consumption is very small. The 
furnace consists of quartz tube of 5 cm dia. with length about 
8 cm. A stop cock has been connected for evacuating the 
chamber. One end of the tube is tapered to a diameter of 
1.5 cm. This end is sealed with mylar window. The window 
is shielded from the thermal radiation emitted by the heating 
coil by the help of thin sheet of beryllium. The other end 
is in the form of a flange and closed with perspex disc with 
an 0-ring between them. The disc contains a mylar window at 
the centre for transmitting the gamma rays. The temperature 
is measured with the help of a thermocouple. Cooling of the 
furnace is done by a. copper tube of 6 mm dia. wound around 
the outer wall of the furnace. This copper tube can also 
be used for induction heating. 



4 Vacuum 

i 



fvtyler window 


Fig. 2:. 5 resign of the fwrna.ee with resistance 
heating assembly . 
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'The heating assembly consists of a quartz tube of 
3 cm dia. and about 3*5 cm in length. A nichrome wire was wound 
on it in a way such that there were no induction effects. 

This wire is fixed by using high temperature cement. Remaining 
space between quartz tube (furnace) and heating assembly is 
filled with refractory brick. The sample is put in the heating 
assembly by the help of copper disc of 2.3 cm dia. and 1.0 cm 
thickness. The sample between two sheets of mica or aluminium 
(which is free from iron) is clamped with the help of a groove. 
The temperature of the sample is controlled by same tempera- 
ture controller as in the cryostat system. 

2 .6 Detector and Storage System 

The gamma rays after the absorption by sample are 
detected by an argon gas-filled proportional counter with 
aluminized mylar window supplied by the Electronic Corpora- 
tion of India, Hyderabad. During the M'ossbauer effect process 
a large number of X-rays are also produced and energies of 
these X-rays may be close to the Mossbauer level, thus 
causing a non-resonance interference. Proper resolution 
of these X-rays with MSssbauer level is an important feature 
of the detection system. In our proportional counter this 
requirement was satisfactorily met since EWHM of the energy 
resolution was about 2 keV. The proportional counter was 
run at a high voltage of +1500 V DC using high voltage power 
supply (Baird Atomic model 318A) . It was connected to 
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preamplifer and a linear amplifier (ECU. Model PA 521). The 
output of the amplifier is fed to the ND-60 multichannel 
analyzer . 

The ED-60 (microprocessor based 2048 (2K) channel) 
multichannel analyzer is used in the PHA mode for selecting 
the Mossbauer gamma ray line, which in the case of Fe has 
an energy of 14*4 keV. The MCS ext mode with a dwell time 
100 psec (for 512 channel operation) and 50 psec (for 1024 
channel operation) was used for recording the Mossbauer 
spectrum. The efficiency of counting is much higher in the 
analyzer-. The trigger sweep of the MCA is governed by the 
start pulse from the spectrometer for getting a stable 
pattern. The data in each subsequent sweep are added conti- 
nuously to the data stored in preceding sweeps. 

The data stored in the MCA memory is printed/plotted in a 
series line printer/X-Y recorder (Hewlett-Packard model 
7015A) . 

2 • 7 Analysis of Data 

The Mossbauer data of the sample is analyzed by the 
help of a digital computer. The main approximation made in 
writing computer program for such data analysis is that the 
relaxation effect is small and the Mbssbauer absorption line 
can be approximated by a Lorentzian curve. A number of 
computer programs are available for analysis of Mbssbauer 
data. The basic concept is nearly the same in all programs. 
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The program which* we have used is based upon the method 
developed by law and Bailey [17,18]. The main purpose of 
this curve fitting is to find the value of the adjustable 
parameters (guess values) which provide a close agreeement 
between experimental data and the value predicted by assumed 
function. 

let the function 0^ = 0^(B^, Bg B n ) be the 

funct iona.1 form chosen for the experimental points Y^. The 

condition for getting the set of parameter B k is 

N 3$T 

S 2 = J~ S. 2 = I" (Y. - 0 . ) 2 (2.23) 

i=l i=l 

is minimum. Here 3J is the number of experimental data 
points. The condition for minimum of the above equation is 



0 


With the help of this condition we are able to get n simul- 
taneous equations. By solving these equations one gets a 
correction in the approximate value A B k • The new para- 
meters B^ +1 = B k + Z\B k are then obtained. The superscript 

i refers to i^ iteration. 

2 

The new parameters are examined to ensure that S 
is minimum and this gives better results if the increment 
of the parameters is restricted i.e. 





(2.24) 
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where a is less than one. Convergence is assured when succe- 
ssive values differ by an amount less than the pre -assigned 
tolerances. The goodness of fit is tested by the calcula- 
tion of the Chi-square. 

We are able to calculate the error matrix [19] with 
the help of the inversion matrix. By the help of the error 
matrix we are able to calculate the standard error in the 
fitted parameters B^. 

2.8 Hyperfine Field Distribution 
2.8.1 Introduction 

The broadening of the M'dssbauer line can be explained 
on the basis of the thickness of the sample and distribution 
of the hyperfine parameters. As we know that hyperfine para- 
meter in the crystalline sample is unique with a very little 
variation. However, in glass systems there is a wide varia- 
tion or distribution of the hyperfine parameters. The hyper- 
fine par ame ters such as magnetic field, electric field gradient, 
isomer shift etc. do not possess a unique value but display a 
distribution. In 1971, B. Window [20] developed a method to 
calculate the hyperfine field distribution. His assumption 
is that the field distribution is a Gaussian distribution 
around the mean value of the hyperfine field. Chien [21] 
has applied Window's method for determining the hyperfine 
field distribution in the metallic glass system. Bibschutz 
et al. [22] interpret the large width of vitreous YIG 



(Yttrium Iron Garnet) as the distr ihut ion of the electric 

field gradient at the Ee site. 

We also applied Window's method for determining the 
magnetic field distribution of the metallic glass systems 
and electric field gradient distribution for the glassy 
phase of the YIG system. This method is explained below. 


2.8.2 Computational method 

The basic principle for the two distribut ions(EEG 
and hyperfine field) are same. Let the distribution of 
hyperfine parameter be represented by P(H). The Mossbauer 

CT 7 

spectrum of Be is defined by 


N r 

Y(B) = T_ 

i=lj 


A ± P(H) 


dH 


(2.25) 


1+4[(E-B 0 )/W]' 

where A j _ is the intensity of the i th peak and Eo is defined 
as 

_ y principal component of electric field 

gradient for EEG distribution. 

= a H Position of the peak for magnetic field 
i 

distribution. 

The value of a^ is given as [21]. 


l 5 


a* = -a^ = 2.54x10 


I6.15xl0 -3 

mm/kOe 

9.34x10~ 3 

mm/kOe 

2.54x10 -3 

mm/kOe 
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and ¥ is the FWEM. 

The p(H) is expressed in trigonometric terms 

N 

P(H) = b n [cos - (-l) n ] (2.26) 

n=l *'max 


with the condition 


, d p(H) . 
1 dH ' 




_ , i sLSl ) 

~ \ rJ IT * 


in 


dH H=H, 


■max 


The H max is far away from the real value of H such that 
-P^^max^ = Courier coefficient b n is calculated by 

best fit to the data. If U— any p(H) can be represented 
by eq. (2.26). The coefficient b n is calculated by solving 
N+l simultaneous equations. So it is not possible to take 
N as a very large quantity. More details of this method 


are explained by Hair [23]. 

The computer program for these calculations was 
tested for the standard sample such as natural iron as well 
as for sodium nitroprusside and the results are shown in 
Figs. 2.6 and 2.7. These satisfactory results gave us 
enough confidence to use these programs in our data analysis 
for the determination of p(H). 

2 .9 Other Measurements 


In order to corroborate the results obtained for 
various samples with MSssbauer measurements, we have also 
carried out other measurements using various other methods 
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like X-ray powder diffraction, optical miertscopy , differe- 
ntial thermal analysis, electron microscopy, ele ctron para- 
magnetic resonance (EPR) and magnetization measurements.' 

The X-ray powder diffraction patterns of the samples 
were recorded by using Rich and Seifert ISO-Debye flex 

2002 diffractometer with a Cr K a target. All these studies 
were performed at room temperature. 

After polishing the samples optically and etching 
the surface, the optical micrographs were taken by a Bauch 
and Lomb optical microscope. 

The differential thermal analysis (DTA) was performed 
to determine the glass transition temperature and glass 
crystallization temperature by using MOM Hungary Derivato- 
graph. The transmission electron micrograph of samples were 
taken on a Phillips EM 301 electron microscope. 

The EPR and magnet izat ion measurements were done by 
using Varian Association Spectrometer (Model V4502-12) in the 
X-band frequency and with a 100 kHz field modulation and 
PAR vibrating sample magnetometer (Model 150A) and using a 
field upto 8 KG respectively. All these measurements were 
done at room temperature . 
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CHAPTER 3 


MCSSBAGBR AHD OTHER STUDIES OF SOME CLASS-CERAMIC 

SYSTEMS CONTAINING TIG * 

3 • 1 Introduction 

In recent years a new class of materials known as 
glass-ceramics have evoked considerable interest. Glass 
ceramics represent polycrystalline solids which are produced 
by a process involving controlled crystallization of glasses. 
Such a crystallization is achieved by selecting a suitable 
glass subjecting it to a carefully regulated schedule of 
he at -treatment . As a result of this heat-treatment there 
occurs a nucleation and growth of crystal phases within the 
glass. The glass ceramics possess outstanding characteristics 
which render them ideally suitable for fundamental studies as 
well as for novel technical applications. 

Glass-ceramics possess certain special properties 
which distinguish them from glasses on one hand, and 
ceramics on the other hand. Whereas glasses are amorphous 

^Partial contents of this chapter are published in the 
following two papers : 

(a) Akhilesh Prasad, D. Bahadur, R.M. Singru and D. 
Chakravorty, J. Mater. Sci. 17, 2687 (1982). 

(b) D. Bahadur, D. Chakravorty, Akhilesh Prasad and R.M. 
Singru, J. Magn. and Magn. Materials, 31-54 , 1513 (1983). 
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(or noncrystalline) materials, glass ceramics contain a 
certain amount of crystals. These crystalline phases in the 
glass ceramic are entirely produced by crystal growth from 
a homogeneous glass phase. This process is distinctly 
different from that in traditional ceramics where most of 
the crystalline material is introduced at the stage of the 
preparation of glass -ceramic composition. 

In general, the crystal size in the glass -ceramics 
is considerably smaller than in conventional ceramics made 
by sintering a pre-shaped powder compact. The glass 
ceramics as a class are therefore relatively strong materials 
in general the strength of a polycrystalline ceramic increases 
as the crystal size is reduced. 

The present development of glass -ceramics has been 
largely brought about by the research and development 
efforts of private industries (e.g. Coming Glass Works In 
the U.S.A.) who are interested in the numerous • applica- 
tions of these materials. As a result, published literature 
on glass -ceramics is rather limited. An excellent monograph 
by McMillan [l] published in 1979 is still perhaps the best 
resource book on this subject. The development of the first 
true glass-ceramic may be attributed to S.D. Stookey [l] of 
Corning Glass Works (U.S.A.) who selected a photosens it ively 
opacified glass and subjected it to a he at -treatment at a 
temperature higher than that normally used. He observed 
that the glass sample did not melt but ratter got converted 
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to an opaque polycrystalline material. This material showed 
improved mechanical and electrical properties. These changes 
were attributed to the crystallization in tie glass as a 
result of the small metallic crystals acting as nucleating 
sites. This development was followed by a search for other 
types of nucleating catalysts. It was found that titanium 
dioxide (TiC^), metallic phosphates (e.g. P2O5) other 

oxides can be used as nucleating catalysts to promote the 
controlled crystallization of glasses over a wide range of 
glass-compositions . 

Production of a glass-ceramic sample involves the 
following stages. In the first stage the particular glass 
is prepared and then shaped in its molten or plastic state 
to produce the sample of the desired form. The glass-sample 
is next taken through a controlled heat -treatment cycle which 
gives rise to nucleation and crystallization of various 
phases and results in the required glass-ceramic sample. 

This process of manuf actur ing glass -ceramics has two 
important features. Firstly it is applicable to a wide range 
of composition and secondly the he at -treatment schedule can 
be varied in different ways. These features allow one to 
develop various crystal types in a controlled manner and 
one can thus control the physical characteristics of the 
glass-ceramic produced. It is therefore important to study 
various physical properties of glass -ceramics so produced. 
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Study of glass ceramics bears scientific importance as 
well as technological importance. The fundamental or scien- 
tific interest in these studies arises from the following : 

( i) Study of glass -ceramics provides valuable understanding 
of the process of nucleation and crystallization of super- 
cooled liquid, (ii) Such studies provide information about 
amorphous phase separation, (iii) The wide range of compo- 
sitions available in a glass-ceramic allows one to study phase 
changes in widely different chemical environment, (iv) Glass- 
ceramic systemsprovide interesting problems in material science 
and stimulate further interest in the science of glasses and 
ceramics themselves, (v) Finally the study of glass ceramics 
is of interest to the minerologist also because of the possi- 
bility of getting materials containing unusual combination 
of known crystals . More details about this will be found 
elsewhere [1,2]. 

The technological interest in the study of glass- 
ceramics arises from the many interesting applications of 
these materials. Various actual and potential applications 
[l] of glass-ceramics are listed below : 

i) General and mechanical engineering applications as 

in the bearings, pumps valves and pipes, heat exchan- 
gers, furnace construction etc. 

ii) Applications in electrical engineering and electronics 
include glass-ceramic to metal seals, insulators and 
bushings, high temperature electrical insulation, 
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performed circuitry for electronics applications, 
substrates for microelectronics, capacitors, sealing 
and bonding media, electro-optical materials. 

iii) Lighting and optical applications such as lamp 
envelopes, components for lasers, telescope mirrors 
etc . 

iv) Applications in aerospace engineering such as radomes, 
infrared transparencies etc. 

v) Applications in nuclear engineering such as reactor 
control rod materials, seals for reactor use, disposal 
of radioactive wastes etc. 

It is thus seen that the study of the physical proper 
ties of glass -ceramics is very important. Such studies can 
be carried out using different methods like X-ray diffrac- 
tion, differential thermal analysis (DTA), electron para- 
magnetic resonance (EPR) , transmission electron and optical 
micrographs, magnetization, Mbssbauer spectroscopic studies 
etc. In particular the method of M'ossbauer spectroscopy is 
ideally suited to provide important information about the 
magnetic phases (e.g. yttrium iron garnet or the YIG phase) 
involved. In the following sections we have described the 
results of our Mbssbauer spectroscopic studies of the glass- 
ceramics ( i) Ha20-Si02-Fe20^-Y20^ and ( ii) Pb0-B20^-Al20^- 
^20^^20^ heat-treated under different schedules and also 
containing different compos it ions/nucle at ing catalysts. 

To corroborate the results obtained by MSssbauer 
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spectroscopy we have also studied these glass -ceramics using 
different other methods like X-rays, EPR, DTA etc. 

3.2 Study of R^O-S iC^-PegO^-YgO^ Glass System 
3*2.1 Introduction 

In recent years there has been considerable interest 
in development of glass-ceramics containing magnetic phases, 
as for example, lithium ferrite, barium hexa-ferr ite , nickel 
ferrite and manganese ferrite etc. Glasses containing these 
ferrites have been produced and their properties have been 
studied by other authors [3-7]. It is well known that 
yttrium iron garnet (YIG) and substituted YIG have been 
widely used in various microwave and memory devices [8]. 

It should therefore be interesting to develop glass ceramics 
with YIG as the crystalline phase and to study its physical 
properties . 

In this Institute glass ceramic containing YIG had 
been developed by Bahadur et al.- [9] in the glass composi- 
tion Ma-gO-S i02~Pe20^-Y2 0^ . This sample will be referred to 
as Y6 sample (Sec. 3-3). In this glass ceramic YIG can be 
precipitated by suitable heat treatment. We present here 
our Mossbauer, EPR and magnetization experiments carried 
out on such as-quenched (or as-prepared) sample as well as 
samples heat-treated for 4 h at 400, 500, 600, 650, 700, 

750, 810 and 850 °C. The Mossbauer data have been compared 
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with BPR and magnetization data. 

3.2.2 Experimental method 

(a) Sample preparation 

The composition of the glass used in the present 
studies was as follows : Fa 2 0 (34 mol /. ) , Si0 2 (50 mol /. ) , 

E©2®3 (-*-0 m °l '/• ) and y 2^3 m0 - L Tiae §l ass was P re_ 

pared from reagent grade chemicals by melting the mixture 
of chemicals in an alumina crucible at 1350 °C in an 
electrically heated furnace. Glass plates were cast by 
pouring the melt into an aluminium mould. Wherever necessary, 
powdered samples were formed from these glass plates. The 
samples were heat-treated at various temperatures for a 
time-period mentioned in the following sections. The heated 
samples were allowed to cool down slowly to room temperature 
before studying them by various techniques. 

(b) M'ossbauer measurements 

The constant acceleration MSssbauer spectrometer used 

in the present studies has already been described in Chapter 

2. All the Mossbauer spectra presented here were recorded 

at room temperatures unless mentioned otherwise. The source 

57 

used in these measurements was a 10 mCi Co in Rh matrix 

obtained from Few England Fuclear Inc. U.S.A. The spectro- 

57 

meter was calibrated by using enriched Fe absorber and 
sodium nitroprusside . For MSssbauer spectroscopic studies. 
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the glass samples were powdered and approximately 50 mg of 
the powder was sandwiched uniformly on about 1 cm diameter 
circular area between two layers of sellotape . Observed 
Mossbauer spectra were analyzed to obtain the Mossbauer 
parameters by using a least-squares curve -f itt ing computer 
program as discussed in Chapter 2. 

(c) Other measurements 

The EPS measurements were carried out at room tempe- 
rature with the help of a Varian Associates Spectrometer 
(Model V 4502-12) in the X-band frequency using a 100 kHz 
field modulation. 

Magnetization measurements of the glass samples were 
made with the help of a PAR vibrating sample magnetometer 
(Model 150 A) at room temperature using magnetic fields 
upto 8 KG. 

X-ray powder diffraction patterns for the precipi- 
tated glass-ceramic samples were recorded using a Rich and 
Seifert ISO-De bye flex-2002 diffractometer with a CrK a target. 
As reported by Bahadur et al . [9] the X-ray data for samples 
heat-treated at 650 and 750 °C indicated (Table 3.1) that the 
YIG phase had been precipitated in the glass systems studied 
by us . 

In order to estimate the glass transition temperature 
(T ) and crystallization temperature (T c ), differential 

O 

thermal analysis (DTA) of the samples was carried out [9] 
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Cont inued . 



TABLE 3»1 (Continued) 


Taken from D. Bahadur et al. [9]* 

*Data obtained from a polycrystall ine YIG- sample. 
+ VS = very strong-, S = strong > M = medium*, ¥ = weak 
VW = very weak. 
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using a MOM Hungary Derivatograph. An amount of sample 
weighing 1.6 gm was taken and heated upto 1000 °C at a rate 
of 10 C/min. The DTA data are shown in Pig- 3-1- The 
exothermic and endothermic peaks correspond to the crystalli- 
zation (T c ) and glass transition (T ) temperature which are 

s 

estimated as 750 °C and 650 °C respectively. 

A Phillips transmission electron microscope (Model 
EM 301) was used to record transmission electron micro- 
graphs of samples heat-treated at different temperatures. 

3-2.3 Results and discussion 

Mbssbauer spectra observed by us at room temperature 
(RT) for the as-prepared samples and samples heat-treated 
for 4 h at temperatures T = 400, 500, 600, 650, 700 and 
750 °C are shown in Pig. 3*2. All these seven Mbssbauer 
spectra exhibit quadrupole splitting only. In Pig. 3 -3 we 
have shown the Mbssbauer spectra observed at RT for the 
samples heat-treated at ( i) T = 700 °C for 40 h, ( ii) T = 

810 °C for 4 h, ( iii) T = 850 °C for 4 h and (iv) T = 

600 °c for 4 h folloxred by heat treatment at T = 750 °C 
for 4 h. These four Mbssbauer spectra show magnetic hyper- 
fine splitting as well as electric quadrupole splitting. 

The values of the isomer shift (with respect to sodium 
nitroprusside ) and the quadrupole splitting obtained from 
the spectra of Pig. 3.2 are listed in Table 3-2. Two sets 
of values (marked as b and c in Table 3.2) for the quadrupole 
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splitting were obtained by us. In the first method, the 
quadrupole splitting, E, was determined in the conventional 
way by obtaining a pure lorentzian least square fit to the 
observed Mbssbauer spectra and using the values of the two 
peak positions. In the second approach, we applied Window's 
method [11] for obtaining a fit of the EEG distribution 
p( V ) to the observed spectra. This procedure has been 
described in section -2.8. In Table 3.3 we have shown the 
values of the MQssbauer parameters for the spectra of Eig. 3 *3. 

We shall now discuss our results for the values of 
isomer shift (IS) observed by us. To facilitate such a 
discussion we have plotted the IS values against the heat- 
treatment temperature in Eig. 3.4, where the glass -transition 
temperature ( T ) and the crystallization temperature (T ) 
for the present glass sample (determined earlier, see Eig. 

3.1) are also shown. The value of IS for all these samples 
is characteristic of Ee^ + ion [12,13]. It is observed that 
the value of IS does not change significantly upto the heat- 
treatment temperature of 600 °C . The IS value, however, 
shows sharp changes near Tg (650 °C) and T c (750 °C). The 
sharp decrease of the IS for the sample heated' at 650 °C 
could be attributed to incipient phase separation occur ing 
at T ff prior to nucleation of the crystalline phase. It is 

O 

possible that such a phase separation can lead to Ee^ + ions 
being situated in* distorted tetrahedra resulting in a 



TABL E 3.5 

Mossbauer parameters for the samples showing magnetic hyperfine splitting as well as 

quadrupole splitting. 
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decrease in the is value at T . The IS value shows a sharp 

o 

rise as heat-treatment temperature is raised to 750 °C (T ) 
and it remains high for samples heated at 810 °C and 850 °C 
respectively (The IS values for the latter samples were 
obtained from quadrupole splitting). The observed increase 
in IS at T c and beyond could probably be ascribed to genera- 
tion of some octahedral Fe^ + ions which should be present in 
the garnet phase [8,12], The shaip changes in IS observed 
at Tg and T c also suggest that the nature of Fe^ - 0 bond 
changes at these temperatures [4]. The density of 4s 
electrons at the tetrahedral site is greater than that at 
the octahedra.1 sites in various solids. The Fe-0 distance 
for the tetrahedral site is about 5 /• smaller than that of 
the octahedral site. Van Loef [14] has suggested that this 
difference gives rise to different charge density which could 
explain the difference in the IS value at the tetrahedral 
and octahedral sites of iron in ferrites and garnets. 

The value of IS observed in the case of as-prepared 
(blank) glass sample was 0.437 + 0.C07 mm sec ^ . This 
result indicates that Fe^ + ions are mostly in tetrahedral 
coordination with a small fraction possibly being in octahe- 
dral co-ordination. A surprising observation is that only 
quadrupole splitting appears in the spectra for samples 
heated upto 750 °C (4 h) . The Mossbauer spectra for the 
samples in Fig. 3*2 were also measured at liquid nitrogen 
(80 K) temperatures (IFT) and these spectra are shown in 
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Fig* 3 *5 • It is seen that no magnetic hyperfine splitting 
is observed for these samples even at LIFT. The samples 
heat-treated at 810 °C and 850°C show a magnetic hyperfine 
splitting (in addition to the quadrupole splitting) charac- 
terized by IS values of 0.71 + 0.05 and 0.65 ± 0.03 mm sec -1 
respectively (Table 3*3)* From the absence of the magnetic 
hyperfine splitting for the samples heat-treated for 4 h at 
650, 700 and 750 °C, we infer that the volume fraction of 
the crystallized YIG phase (which is magnetic) is very 
small in them.- The corresponding hyperfine field probably 
gets smeared out because the volume fraction of the YIG phase 
is small. As a result, the corresponding MSssbauer spectra 
show only quadrupole splitting. 

The Mdssbauer spectra in Fig. 3.3 tomprise of magnetic 
hyperfine splitting as well as quadrupole splitting. Values 
of the corresponding MSssbauer parameters are given in Table 
3*3* It is seen that the values of the IS determined for the 
hyperfine splitting are intermediate between those for 
octahedral and tetrahedral iron. On the other hand the IS 
value for the doublet structure (quadrupole splitting) indi- 
cates the presence of tetrahedral iron predominantly. It is 
possible that some other phase (such as a-Fe 20 ^) is also 
precipitated [15,16]. This possibility is also indicated 
by the X-ray data [9]. Another possibility is that the 
precipitated YIG phase consists of distorted obtahedral 
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and tetrahedral giving rise to the observed behaviour (Table 
3.2) . 

Comparing the Mdssbauer spectra of samples heat- 
treated at 700 °C for 4 h and 40 h respectively, it is 
observed that the former show only quadrupole splitting 
whereas the latter show quadrupole as well as magnetic hyper- 
fine splitting. In the case of the sample heat-treated at 
700 °C for 40 h, the MSssbauer spectrum was also taken at 
LHT.. These measurements showed that the hyperfine field 
(Hinf) observed at LFT is greater than that observed at RT . 
Further, the ratio of the peak-area, for the hyperfine 
splitting to that for quadrupole splitting changes from LFT 
to RT for the sample heated at 700 °C . As seen from Table 
3*3» this ratio increases as the heat-treatment temperature 
or the treatment time (at a given temperature) increases. 

The magnetization data do not show any saturation behaviour 
upto a field of 8 KG. All these observations suggest a 
superparamagnetic behaviour. A systematic investigation of 
of these aspects for the present glass system would provide 
more interesting information. 

The value of the quadrupole splitting (Z\E ) for 
the as-prepared glass sample as determined from pure 
Lorentzian least square fit was 0.912 + 0.007 mm sec 
The electron distribution is spherically symmetric in the 
case of high spin Fe 5+ ion (3d 5 , 6s 5 ^ 2 ) and this should 
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result in an absence of quadrupole splitting. In other 
words, no quadrupole splitting should be observed, if the 
normal tetrahedral or octahedral co-ordination is undis- 
torted. It has been suggested by Kurkjian and Sigety [17] 
that in glasses there is a large number of non-identical 
sites with a substantial departure from cubic symmetry as 
compared to the situation existing in crystals. We feel 
that this explains the large quadrupole splitting observed 
in the present glass system. A plot of the quadrupole 
splitting (AE), determined from the Lorentzian least square 
fit, is shown in Pig. 3.6 against the heat-treatment tempera- 
ture. It is seen that the A E value remains essentially 
constant upto 600 °c after which it decreases. It attains 
a constant value beyond 750 °C . These results suggest that 
there is no change in the symmetry upto 600 °C. At T 

o 

(650 °C) and above, however, the ion sites acquire higher 
symmetry as a result of the nucleation and growth of the 
crystalline phase. This explains why the A 3 value decreases 
and finally attains a constant value (Fig. 3 * 6 ). 

An examination of the values of A® determined from 
a fit of BEG distribution (Fig. 3*7) to the observed 
Mossbauer spectra (Table 3.2) shows that they differ from 
the A E values obtained from the lorentzian least square 
fit. This behaviour is common and has been observed earlier 
[18]. However the trend of the former set of values (as 
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a function of the he at -treatment temperature) is similar to 
that shown in Pig- 3.6. The values of the FWHM (full width 
at half maximum) of the EFG- distribution p(,Vf) is also 
shown in Table 3-2. The FWHM value indicate the amorphous 
nature of the glass system and the higher values of FWHM 
observed after 500 °C suggest an onset of long-range order 
or glass formation in the samples. It is found that the 
samples heat-treated at 700 °C and 750 °C give rise to two 
separate EFG- distribution (see, for example. Fig. 3*8, for 
750 °C) such that one of these two /\ E ( AB = 0.634 + C.015 
mm sec ^) values correspond to the quadrupole splitting 
characterizing the samples heat-treated below 700 °C while 
the second AE value (AE = 1.177 + 0.015 mm sec -1 ) is 
higher and may be characteristic of the development of the 
magnetic phase. It is to be noted that the higher AS value 
could not be resolved from a pure Lorentzian least square 
fit. In this connection we wish to present the data on the 
variation of magnetic susceptibility with temperature as 
shown in Fig. 3*9. A sharp rise in the curve is observed 
at 650 °C and it is attributed to the precipitation of the 
magnetic phase. A similar result has been reported in the 
case of basalt glass -ceramics [19]* 

We carried out EPR measurements on some of the glass 
samples with an aim to obtain further understanding into 
the co-ordination and symmetry of iron as well as the 
relaxation phenomenon. Some typical EPR spectra observed 
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at RT are shown in Pig. 3*10. Values of g and line widths 
determined from some of these EPR spectra are given in 
Table 3*4. The spectra for all the samples show only one 
resonance which correspond to a value of g around 2.0. 

It should be pointed out that the g = 4.3 resonance 
which usually occurs for paramagnetic Pe^ + ions [19] was 
not observed in any of the samples. This behaviour may 
indicate the presence of some type of super-exchange inter- 
action in all the samples (including the as-prepared sample )which 
exhibit phase separation. A typical electron micrograph of 
the as-prepared glass is shown in Pig.- 3.11. A super- 
exchange interaction may exist between the iron ions present 
in the iron-rich phases of these samples. It is observed 
that the line -widths for the as-prepared sample and the 
sample heat-treated at 400 °C are nearly identical. However, 
a sharp decrease in the linewidth is observed in the case 
of samples heat-treated at 650 and 750 °C . Similar beha- 
viour has also been observed in the variation of A E (Fig- 
3.6). The value of g observed for the sample heat-treated 
at 650 °C agrees with the value observed for YIG [20]. The 
decrease in the linewidth as a function of he at -treatment 
temperature may be attributed to an increase in the super- 
exchange interaction following the precipitation of the 
magnetic phase within the glass. In order to illustrate the 
wide range of particle size present in the system we have 
shown in Fig. 3.12 typical electron and optical micrograph 





Tig. ?,1G Typical SPP. spectra ireaeured at rooa teapersti.T* 
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heat-treated at 650°C. 
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TABLE 5 .4 

EPR results for the Y6 sample . 

Sample g ^H(G) 

As-prepared 1.98 + 0.02 1283 ± 100 

Heat-treated at 1,96 + 0.02 1169 + 100 

400 °C 

Heat-treated at 2.02 + 0.02 277 + 20 

650 °C 

Heat-treated at 
750 °C 


1.94 + 0.02 


268 + 20 



Pig. 3.11 Typical electron micrograph of the as 
prepare d sample . 
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of the sample heated at 650 °C. We have observed similar 
behaviour in the case of other samples heated above 650 °C 
and it is observed that the particle size grows with heat- 
treatment temperature. Such behaviour has also been observed 
in the case of thin films of garnets heat-treated at various 
temperatures [21]. The wide range of particle size could 
have given rise to simultaneous occurrence of magnetic 
hyperf ine structure and quadrupole splitting for samples in 
Table 3 «3-. 

3*2.4 Summary 

Mdssbauer, EPS. and magnetization experiments have been 
carried out on the glass composition Na 20 -Si 02 ~Pe 20 ^-Y 20 ^ in 
which yttrium iron garnet (YIG) can be precipitated by 
suitable . heat treatment. The measurements have been carried 
out on the as-prepared sample as well as samples heat- 
treated for 4 h at 400, 500, 600, 650, 700, 750, 810 and 
850 °C . MSssbauer spectra from the as-prepared samples as well 
as the samples heat-treated at first set of six temperatures 
showed a quadrupole splitting while the samples heat-treated 
at (1) 810 °C for 4 h, ( ii) 8S0 °C for 4 h, (iii) 600 °C 
for 4 h followed by 750 °C for 4 h (two-stage teat- 
treatment) and ( iv) 700 °C for 40 h showed a hyperfine 
as well as quadrupole splitting. The behaviour of the 
isomer shift (IS) and quadrupole splitting (£E) with the 
heat -treatment temperature show significant changes at the 
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glass transition and crystallization temperature . As 
discussed earlier these results have been used to charac- 
terize the magnetic phases precipitated in the samples 
after different he at -treatments. The MSssbauer data have 
been found consistent with optical and electron micrographs 
which show a large variation in particle size of the preci- 
pitated magnetic phase. This has been further correlated 
with EPS. and magnetization data. 

3 *3 Study of the Effect of Kucleat ing Agents on the YIG 
Crystallization in HagO-SiOg-Fe^-Y^ Glass System* 

3*3*1 Introduct ion 

In the previous section we have presented the results 
of our studies of the glass-ceramic system Ea 2 0 -Si 02 -Fe 2 Q^- 
Y 2 O 2 in the as-prepared form as well as the samples heat- 
treated at 400, 500, 600, 650 , 700, 750 , 810 and 850 °C. 

This kind of he at -treatment led to the precipitation of the 
yttrium iron garnet (YIG) phase. It was observed during the 
studies described in the previous section that the volume 
fraction of the crystallized YIG phase was rather small. 

An attempt was made by Bahadur et al. [22] to improve the 
crystallization kinetics of the YIG phase by using suitable 
nucleating agent such as the oxides P 2 °5 or Ti0 2 wilich are 
commonly used in the field of glass— ceramics [l]. It was 
observed by Bahadur et al. [22] that P 2^5 ects as a better 
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nucleating agent than TiQ 2 . In addition, the magnetic proper- 
ties of the glass-ceramic containing P 2 0^ were found to be 
superior. It was also suggested that the crystallization 
of the YIG phase is improved if a larger concentration of 
Fe 2 0^ is used. 

We, therefore, decided to study the effect of the 
nucleating agents (such as P 2 0c; an< ^ ^i0 2 ) on the crystalli- 
zation of the YIG phase in the Na 2 0-Si0 2 -Y 2 0 5 -Fe 2 0 5 glass 
system. To this end we used the method of Mbssbauer 
spectroscopy which has already demonstrated its usefulness 
for such studies. We have also carried out other measure- 
ments on this glass system using X-ray and other techniques 
so that there is a corroboration of results obtained by 
Mo'ssbauer studies. All these results are presented and 
discussed in this section. 

3.3*2 Experimental method 
(a) Sample preparation 

The composition of the glasses studied by us is given 
in Table 3*5. The glasses were prepared from reagent grade 
chemicals by melting the mixture in alumina crucibles in an 
electrically heated furnace at temperature between 1300 and 
1400 °C • Glass plates were cast by pouring the melt onto 
an aluminium mould. The glass transition temperature (T ) 
and crystallization temperature (T c ) were estimated from 
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TABLE 5.5 

Composition of the glasses studied. Molecular percentage 

values are given. 


Glass 

sio 2 

Na 2 0 

Y 2 O 3 

Pe 

P2O5 

Ti 0 2 

Y6 (*) 

50 

34 

6 

10 

— 

— 

Y9 

50 

26 

9 

15 

- 

- 

Y 6 P 

48 

34 

6 

10 

2 

- 

Y9T 

48 

26 

9 

15 

- 

2 

Y9P 

48 

26 

9 

15 

2 

— 

( 3E ) The 

studies of 

the glass 

with 

this composition 

have be en 


described in section 3.2 of this chapter. 
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DTA analysis using MOM Hungary Derivatograph [10]. The 
estimated values of the glass transition (T ) and crysta- 

s 

llization temperature (T ) for different compositions were 
found to he nearly same. Based on this result, all the 
samples were given a two-stage heat treatment at T = 720 °C 

O 

and T c = 820 °C for two hours duration each. Since the Y9P 
glass (Table 3*5) was found to be the most favourable for 
the crystallization of YIG , we gave a number of different 
heat treatments for this sample according to the following 
schedule to find out the right growth temperature for the 
garnet phase: 


(i) 

720 

°C 

+ 750 °C 

for 

2 

h 

each 

(ii) 

720 

°c 

+ 775 °C 

for 

2 

h 

each 

( iii) 

720 

°c 

+ 800 °C 

for 

2 

h 

each 

(iv) 

720 

°c 

+ 820 °C 

for 

2 

h 

each ,and 

(v) 

800 

°c 

for 40 h . 






(b) Measurements 

The DTA, X-ray, magnetization and Mossbauer measu- 
rements were carried out by methods described earlier in 
section 3-2.2. 

3 . 3.3 Results and discussions 

The DTA plot of the as-prepared Y9 P sample recorded 
by Bahadur et al. [22] is shown in Fig. 3-13 and it is 
typical for all the samples in Table 3-5- X— ray powder 




o.uv 
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diffraction patterns for glass ceramic samples were recorded 
in Rich and Siefert ISO-Debye flex 2002 diffractometer with 
Cr Kq target . X-ray diffraction data for the Y9P glass 
measured by us is given in Table 3.6 while the X-ray data 
for other glasses were taken from the studies of Bahadur 
et al. [22]. in the case of all the two-stage heat-treated 
samples, the results of the X-ray diffractograms show lines 
due to YIG phase . in addition lines due to different oxida- 
tion products of iron which could be either or its 

derivative, or a-Pe20^ were also observed. The results for 
the X-ray diffraction from the Y9P sample indicated that this 
particular glass ceramic is the most favourable for crystalli- 
zation of the YIG phase. The lattice constant of this 
particular YIG phase was found to be 12.31 i* On the other 
hand, the sample Y6P having a smaller molar concentration of 
Pe20^ and ^ 2^3 as no ^ as favourable. The same (Y9P) sample 
when heat-treated at 800 °C for 40 h was not found to be as 
favourable as the two-stage heat-treated sample. 

Bahadur et al. [22] have reported the magnetization 
measurements for the two-stage heat-treated samples Y9, Y9T 
and Y9P . Their plots for the magnetization versus tempera- 
ture and magnetization versus field are shown in Fig* 3*14 
and Fig. 3.15 respectively. Results of Fig. 3*14 indicate 
the presence of two magnetic phases by a clear break near 
the Curie temperature (280 °c) of YIG. It should be pointed 
out that this break is most obvious in samples containing 



X-ray diffraction data for heat-treated sample Y 9 P . 
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the nucleating agents, especially PgO^. In the case of the 
other phase the Curie temperature appears to be around 475 °C # 
Fo saturation, is observed for the samples upto the field of 
10 KG (Pig. 3*15)- The absence of saturation could be due 
to the superparamagnet ic particles. 

Mbssbauer spectra of all the as-prepared samples (Y9» 

Y6P , Y9T and Y9P ) taken at room temperature (RT) are shown* 
in Fig. 3-16 and they all display quadrupole splitting. The 
values of the corresponding M'dssbauer parameters are given 
in Table 3-7. Similarly the M'dssbauer spectra and the 
Mbssbauer parameter of the samples Y9, Y6P and Y9P heat- 
treated at (720 °C + 820 °C) for 2 h each and Y9? heat- 
treated at 800 °C for 40 h are given in Fig. 3-17 and Table 
3-8. All these spectra (Fig. 3*17) show magnetic hyperfine 
splitting. Fig. 3-18 show the MSssbauer spectra for the Y9P 
sample heat-treated for 2 h each at temperatures ( 720 ° + 

750 °C), (720 0 + 775 °C), (720°+ 800 °C) and (720° + 820 °C) . 
The isomer shift of all the as-prepared samples with 

respect to a-Fe(Fig. 3-16 and Table 3*7) is in the range 

—1 3+ 

+(0.209 - 0.242) mm sec and is characteristic of Fe . 

The linewidth (or peak width) of the individual peak in the 

*In Figs. 3.16, 3.17 and 3-18, the zero of the velo.city 
scale refers to the centroid of a-Fe Mdssbauer spectrum. 



Velocity ( mm see * 1 } 

Roes -te ape rat ure PMs&h&mr spectra of the as -prepared 
eaapleg Y9* Y6P > Y9T and Y"P * The sere of the velocity 
scale refers to the centroid of the a-Fe ( absorber-} 
KSssbauer spectrum* 
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TA BIE 3 .7 

M'dssbauer parameters of the as-prepared sample. 


Sample 

IS* 

-1 

mm se c 

_2iB 

-1 

mm sec 

Peak 

(mm 

I 

-width 

sec - ^) 

II 

EFG- Distribution 

A E FWHM 

—1 — 1, 

( mm se c ) ( mm se c ] 

Y9 

0.209+0.008 

0 . 900+ 

0*4 9+ 

0.49+ 

0.88+0.02 

0.42 



0.006 

0.01 

0.01 



Y6P 

0.217+0.008 

0.960+ 

0 .494 

0.54+ 

0.94+0.02 

0.42 



0.008 

0.01 

0.01 



Y9T 

0.232+0.008 

0.978+ 

0.48+ 

0.53+ 

0.98+0.02 

0.44 



0.008 

0.01 

0.01 



Y9P 

0.242+0.008 

0.991+ 

0.50+ 

0.57+ 

0.98 

0 .44 



0.008 

0.01 

0.01 




^Values with respect to a-Fe . 
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TABLE 8. 8 

MBssbauer parameters for the sample with two-stage heat-treatment at temperatutre 720 °C + 820 
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He at -treatment given to this sample is 800 °C for 40 t 
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doublet spectra (quadrupole splitting in Fig. 3-16) is^0.50 

mm sec which is above the average linewidth usually observed. 

In order to investigate the reason behind this ratter large 

linewidth we analyzed these spectra with the help of a 

computer programme (Sec. 2.8) to obtain the EFG distribution 

(pjVi)* The results of this analysis are shown in Fig. 3*19 

and they indicate that the EFG distributions show a single 

but broad peak centered around the corresponding Zh E value 

with a broad width (FWHM) of about 0.44 mm sec 1 which is 

larger than that obtained in case of single iron site of 

sodium nitroprusside (~j0.20 mm sec -1 ). These results 

indicate that the large peakwidth could be due to the 

57 

presence of two sites for Fe . However, the difference in 
them could be small because of the amorphous nature of the 
glass . 

The value of A.E (quadrupole splitting) for the as- 
prepared samples are all above 0.90 mm sec 1 (Table 3.7). 

In case of each of the samples (Y9, Y6P , Y9T and Y9P), the 
effect of the two-stage he at -treatment is to lower theA-E 
values (Table 3*8). A similar behaviour was observed for 
the Y6 sample (Table 3.3) as reported in the previous section. 
Komatsu and Soga [4] have reported a similar decrease in the 
AE values of silicate glasses upon heat -treatment . A 
possible explanation for this behaviour is already proposed 
in Sec. 3*2.3* 
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The results for the IS and A E values for the as- 
prepared samples have been plotted in Pig. 3»20 to bring 
out any systematic behaviour. The mole percentage of the 
-^ e 2^3 as well as of the nucleating agent is also 

shown on the x-axis to examine any possible correlations . 

The IS values appear to increase linearly due to combined 
(and complicated) effect of the mole percentage of Pe 2 0 5 
as well as the nucleating agent. In this connection it should 
be pointed out that the increase in the IS caused by P 2 0^ as 
a nucleating agent is more compared to that caused by Ti0 2 
(Pig. 3.20). Kurkjian and Sigety [12] have observed similar 
behaviour in their Mossbauer study of silicate and phosphate 
glasses and they suggested that trivalent iron prefers 
tetrahedral coordination in silicate glasses and octahedral 
coordination in phosphate glasses. Our present results on 
the IS data (Pig. 3*20) indicate that trivalent iron prefers 
tetrahedral coordination in our samples containing Ti0 2 and 
octahedral coordination in samples containing PgO^. It is 
seen from Pig. 1.7, taken from Kurkjian and Sigety [12], that 
IS values are higher in octahedral coordination compared to 
tetrahedral coordination. 

The A E variation appears to be determined by the 
mole percentage of the nucleating agent, the presence of 
the nucleating agent seems to raise the A® value. This 
behaviour could arise due to the lowering of the symmetry 
after the addition of the nucleating agent. 
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In the case of all the four samples (Y9, Y6P , Y9T and 
Y9?) heat-treated by a two-stage process at 720 °C and 820 °C 
for 2 h each the Mbssbauer spectra show magnetic hyperfine 
splitting in addition to quadrupole splitting (Pig* 3-17) • 
Examination of the IS-values determined from the doublet 
peaks (quadrupole splitting) of these spectra (Fig. 3-16 and 
Table 3.7) show that for each sample (except Y9T) the IS 
value for the heat-treated sample is higher than that for 
the as-prepared sample (Table 3.8). This behaviour can be 
understood, once again, by concluding that the trivalent 
iron prefers tetrahedral coordination in the samples contai- 
ning Ti 02 and octahedral coordination in samples containing 

P 2°5* 

■ It was observed (Fig. 3*17) that while the Mbssbauer 
spectra of the heat-treated samples Y9,- Y6P and Y9T could 
be resolved into one doublet (quadrupole splitting) and one 
sextet (corresponding to one magnetic hyperfine field), the 
Mbssbauer spectrum for the heat-treated sample Y9P was quite 
complex and it had to be resolved into one doublet (quadrupole 
splitting) and four sextets (corresponding to four different 
magnetic hyperfine fields). The value of the relevant 
Mbssbauer parameters determined from this analysis are given 
in Table 3. .8. 

The X— ray diff ractograms of the two— stage heat- 
treated samples Y9, Y6P and Y9P observed by Bahadur et al. 

[22] showed the lines due to yttrium iron garnet (YIG) phase. 
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along with those due to other phases (e.g. spinels such as 
y-Fe20^ and a-Fe20^ etc.)* However, the MSssbauer spectra 
observed by us for two-stage heat-treated samples Y9, Y6P 
and Y9T do not show lines due to YIG prominently (Fig. 3-17). 

We attribute this behaviour to the possibility that although 
the YIG phase is precipitated in these samples, the amount 
formed is small. The observed Mossbauer spectra for these 
samples, however, show lines which could be due to either 

a_ ^' e 2 ( ^5 or y~Fe 20 ^ phase in agreement with the Z-ray data 
(Table 3 .6) . 

In the case of the two-stage heat-treated sample 
Y9P , the Mbssbauer spectra has indicated the presence of 
one quadrupole splitting and four magnetic hyperfine 
splittings. Out of these, two magnetic hyperfine splittings 
correspond to the two (A and B) sites of the YIG phase with 
the IS values as 0.49 + 0.04 mm sec ^ and 0.23 + 0.04 mm sec^ 
and the H^ n ^. values as 446 + 20 kOe and 414 + 20 kOe as 
determined by us from Fig. 3*18d. In order to confirm this 
assignment, we recorded a Mbssbauer spectrum of poly- 
crystalline YIG sample and observed values of IS for site 
A and B as 0.50 + 0.03 mm sec -1 and 0.22 + 0.03 mm sec -1 
and for H int as 469 ± 15 kOe and 405 + 15 kOe respectively. 

This observation along with the reported values by 
Kurkjian and Sigety [12] support our conclusion that the 
volume fraction of the YIG phase precipitated in the two- 
stage heat-treated sample is largest for the Y9P sample. 
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The other two hyperfine splittings observed in this sample 
(jig. 3*18) appear to have the IS values as 0.52 + C.Q5 min sec"^ 
and 0.35 + 0.07 mm sec -1 and the H int values as 431 + 40 kOe 
and 250 + 40 kOe respectively. These two could be due to 
the precipitation of some spinel phases such as a deriva- 
tive of y-Fe^O^. 

In order to investigate the precipitation of the YIG 
phase in the Y9P sample, we subjected it to a two-stage 
he at -treatment at different growth (second stage) temperatures 
keeping the nucleation (first stage) temperature constant. 

This heating schedule consisted of 


(i) 

720 

°C 

+ 

750 °C 

for 

2 

b 

each. 

(ii) 

720 

°c 

+ 

775 °C 

for 

2 

h 

each. 

( iii) 

720 

°c 

+ 

800 °C 

for 

2 

h 

each 

and als 0 








( iv) 

800 

°c 

for 40 h . 






The Mb'ssbauer spectra (at room temperature) for these 
samples ( i) , (ii) and (iii) are shown in Fig. 3-18 while the 
Mossbauer spectrum for the sample ( iv) is shown in Fig. 3.17. 
In Table 3.9 we have shown the intensity of the outer peaks 
of the sextet (or six-peak Mossbauer spectrum) at the two 
sites A and B for each magnetic phase precipitated in these 
samples. For the sample heat-treated at 800 °C the ratio 
of the peaks corresponding to the site A:B was observed to be 
3:2 as is characteristic for the garnet phase [20]. We 
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TABLE 3.9 


Sample Y9P % heat treatment at different temperatures. 
Percentage of- the intensities of the A site and B 

site . 


Temperature of 
heat treatment 

(°C) ■ 

A site 

( 7 * ) 

B site 

( y. > 

Unknown phase 

< •/. ) t •/. ) 

720 +750 

0.3 

0.9 

1.5 

0.6 

720 + 775 

0.55 

0.7 

1.0 

0.36 

720 + 800 

1.1 

0.7 

0 -8 

0.04 

720 + 820 

0.38 

1.4 

1.1 

0.4 
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therefore conclude that 800 °C is the most optimum growth 
temperature for the most efficient precipitation of the YIG 
phase . 

The Mbssbauer spectrum for the sample Y9T heat- 
treated at 800 °C for 40 h shows the presence of small 
volume fraction of YIG- and a larger fraction of the oxida- 
tion products of iron or their derivatives. 

As mentioned earlier our main interest in this work 
was to study the crystallization of the YIG phase in diffe- 
rent glass ceramics. However the observed variation in the 
pattern of Mbssbauer spectra. X-ray and other data indicates 
the presence of other magnetic phases in the system. We 
propose the following explanation for the above observa- 
tions. It is well-known that the different oxidation pro- 
ducts of iron are interconvertible into one another under 
slightly different conditions [8]. It is, therefore, 
possible that we have more than one oxidation product of 
iron (or their derivatives) present in different glass ceramic 
samples studied by us. It is further possible that the 
relative concentration of these products (or their deriva- 
tives) may also vary from sample to sample depending on (i) 
the degree of the concentration of the constituents or 
( ii) the heat -treatment conditions or (iii) the presence 
of hydrogen ions. These oxidation products and their 
derivatives can be modified to (more favourably » 
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in the presence of moisture or hydrogen ions) or a-Fe20^ 

(more favourably *in dry atmosphere or at higher temperatures). 
The addition of P in the fora of H^PC^ favours the forma- 
tion of the spinel phase such as 'y—'Fe^Q^ or their other 
derivatives. However it does not rule out the possibility 
of coexistence of the spinel or hexagonal phase of a-Fe20^. 

In fact the coexistence of these two oxidation products of 
iron is quite common . 

Summary 

The effect of nucleating agents such as 2 mole /. of 
PgO^ or TiOg on the crystallization of yttrium iron garnet 
in Na20-Si02-T20^-Fe205 glass system has been studied using 
Mossbauer , X-ray diffraction, DTA and magnetization measu- 
rements. The effect was studied by giving two-stage heat- 
treatment (at the glass transition temperature, T , and 

O 

crystallization temperature, T c ) to the samples. Mbssbauer 
spectra as well as the X-ray diff raetograms of all the glass 
samples show the presence of TIG (with various amounts of 
formation) and other magnetic crystalline phases. The 
results of Mbssbauer studies agree with magnetization 
measurements. Results of Mbssbauer measurements along with 
the magnetization and X-ray data indicate that ^2^5 ^- s a 
better nucleating agent than TiC^* The Mbssbauer data 
also indicate that the trivale nt iron prefers tetrahedral 
coordination in the samples containing TiC^ and octahedral 


jt 
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coordination in samples containing P 2 C' 5 . 

It is also indicated by the Mossbauer data that the 
volume fraction of the YIG phase precipitated in the two— 
sta.ge heat-treated sample is largest for the Y9P sample. 

The present results also indicate that ( i) 80C °C is the 
most optimum growth temperature for the most efficient 
precipitation of the YIG phase in the Y9P sample, and ( ii) 
the precipitation of the YIG phase is more efficient in the 
Y9P sample undergoing two-stage he at -treatment (720 + 800 °C) 
for 2 h each than in the single stage he at -treatment at 
800 °c for 40 h. 

3 .4 Study of PbO-BgO^-AlgO ^-FegO^-YgO^ Glass System 
3-4.1 Introduction 

As seen in the previous sections, controlled crysta- 
llization of glasses can be employed to produce glass 
ceramics with interesting magnetic and microstructural 
properties. Results of Mossbauer, EPR and other studies of 
the Na 2 0-Si0 2 -Pe 2 0 5 -T 2 0 3 glass system described previously 
have shown how the physical properties of the glass ceramic 
systems can be investigated. In an effort to develop and 
study novel magnetic glass ceramics we have studied the 
system PbO-BgOj-Al^-Fe^-Y^ . The results of Mbssbauer, 
magnetization. X-ray and other measurements of such glass 
ceramic samples heat-treated at different temperatures are 


reported below. 
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3 . 4.2 Experimental method 

(a) Sample preparation 

The glass samples were prepared from reagent grade 
chemicals Toy melting the mixture in an alumina crucible at 
about 1200 C in an electrically heated furnace. The compo- 
sition of the samples prepared was as follows : PbC (45 
mol /. ), B 2 0 5 (35 mol /.), Al^ (4 mol /. ), Fe 2 Q 5 (10 mol %) 
and Y 2 0^ (6 mol /.) . Glass plates were cast by pouring the 
melt onto an aluminium mould. The as -cast sample was 
annealed in a furnace at 300 °C for about 2 h before 
further characterization. 

(b) Measurements 

The DTA, X-ray, magnetization and M'dssbauer measure- 
ments were carried out by methods des cri bed earlier in 
se ct ion 3.2.2. 

3.4.5 Results and discussion 

The DTA data for the glass sample is shown in Fig. 
3.21. From the DTA plot the glass transition (T ) and 

O 

crystallization (T ) temperatures were estimated to be 

c 

560 and 660 °C respectively. X-ray diffraction measurements 
carried out with the glass sample heat-treated at 660 C 
showed a number of diffraction lines most of which corres- 
pond to a-Fe 2 0 5 phase (Table 3-10). No evidence for 
magnetic interaction was found for the as-prepared sample 
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TABLE 5.10 

X-ray diffraction data of the samples with different heat- 
treatment .T denotes the he at -treatment temperature. 


d (nm) 

T = 330°C 
Intensity 4 " 

hkl 

d (nm) 

T = 660°C 
Intensity 4 " 

hkl 

Assignment 




0.4055 

VS 

- 





0.3613 

V¥ 

012 

a-Pe 2 0 ^ 




0.3434 

V¥ 

211 

y-Fe 2 0 3 

0.2690 

M 

104 




a-PegO^ 

0.2684 

M 

104 




a-Pe 2 0 ^ 




0.2643 

M 

310 

y-f^O^ 

0.2274 

M 

521 

0.2255 

¥ 

- 

- 




0.2177 

VW 

- 

- 

0.2074 

M 

400 

0.2052 

S' 

400 

y-*Pe 2 ^-^ 



202 



202 

oc— 

0.1868 

VS 

426 




Y-Fe 2 0 5 




0.1819 

w 

024 

cc— F© 20 *^ 




0.1765 

M 

- 

- 

0.1704 

¥ 

422 




y-Fe 20 ^ 

0.1691 

¥ 

116 




a-Fe 2^5 




0.1442 

W 

300 





0.1377 

W 

620 

y-Pe 20 *^ 


VS = very strong-, S = strong * M = medium* ¥ - weak 


VW = ve ry we ak . 



from the magnetization and preliminary EPR data. At a 
magnetic field of 6.10 kOe the values of magnetic moment 
observed for the as-prepared sample and the sample heat- 

treated at the crystallization temperature (660 °c) were 

-2 

6.15x10 emu /g and 2.07 emu/g. The plots of the magneti- 

zation versus magnetic field for the as-prepared sample and sample 
heat-treated at 300 °C show typically paramagnetic 
behaviour while that for the sample heat-treated at T c 
(660 °C) shows a magnetic interaction with saturation 
effects (Fig. 3.22). In Fig. 3*23 is shown the plot of 
saturation magnetization versus temperature for the glass 

sample heat-treated at 660 °C. Two transitions in the 

o 

system are observed from this plot, one around 180 C and 
the other around 510 °C . The transition at 180 °C appears 
to be similar to a compensation temperature observed in the 
case of rare earth substituted garnets or some other ferrites. 
The effective moments calculated from the saturation magne- 
tization is much less than what is expected from purely 
ferromagnetic interaction of iron ions. As discussed below, 
the iron ions have been assumed to be present in a +3 state 
on the basis of Mbssbauer data reported in the following 
paragraph. 

The Mbssbauer spectra of the as-prepared glass 
sample as well as the samples heat-treated at 330, 500, 560, 
and 660 °C are shown in Fig. 3-24. All these spectra were 
measured at room temperature. The values of the Mbssbauer 



0 1-0 2-0 3-0 4-0 5*0 6*0 7-0 

Magnetic field (KCe) 

Pig* 3.22 Plot of aagnttixatlon ye re as magnetic field for 
the (a) as -prepared aaap le » (b) aaapl* heat- 
t Mated at 3GCrC for 4 h and (c) sample haat- 
t rested at 660°C for 4 h. 
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Fig. 3.25 Plot of magnetisation yarsas t»psratur« 
for the sample heat-treats at 660°C for 
4 h. 
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parameters determined from these spectra are given in fable 
3 * 11 * rk will be noted that all the Mbssbauer spectra (Fig. 
3 . 24 ) except the one for the sample heat-treated at 660 °c, 
show a doublet (i.e. quadrupole splitting only) structure. 

The Mbssbauer spectrum for the sample heat-treated at 660 °c 
shows a weak formation of a magnetic phase. The magnetic 
structure in this spectrum is not properly developed, 
although the recorded counts per channel in this spectrum 
were 2.2x10 counts as compared to 4x10^ in the case of as- 
prepared sample. The development of magnetic hyperfine 
field is probably restricted due to the presence of lead ions 
which can give rise to a higher absorption of the Mbssbauer 
gamma rays. The statistical fluctuation near the base line 
in the Mbssbauer spectra of Fig. 3*24 is thus high and it 
might indicate poorly developed magnetic structure. 

The values of the isomer shift (IS) for the four 
samples (as-prepared sample and the samples heat-treated 
for 4 h at 330, 500 and 560°C ) are all characteristic of 
Fe^ + ion [ 12 ]. The plot of the iS-values against the heat- 
treatment temperature is shown in Fig. 3*25 and the observed 
behaviour is similar to that for the Fa20-Si02~Fe20^-Y20^ 
glass ceramic reported earlier (Fig. 3 * 4 ). The IS— value 
for the as-prepared glass sample is observed to be 0.372 + 

0 .076mm sec -1 with respect to a-Fe (Table 3. 11 ). This IS- 
value corresponds to a value which is intermediate between 
octahedral and tetrahedral Fe^ + [ 12 ]. It is further 
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observed that the linewidth of these doublet lines are rather 
large , thus indicating the presence of more than one doublet 
structure. To examine this aspect we analyzed the Mbssbauer 
spectrum for the as-prepared sample by applying Window's 
method [ll] for obtaining a fit of the EFG- distribution 
P ( ! T 7 j) 7 0 "the observed spectra. The resulting EFG- distri- 
bution is shown in Pig. 3*26, and it supports the possibility 
of two doublet structures of different intensities. The 
presence of two different types of Pe 5+ ions could be attri- 
buted to inequivalent tetrahedral and octahedral Fe^ + ions. 

As observed earlier, the Mbssbauer spectrum for 
the sample heat-treated at 660 °C is complex in nature, the 
doublet structure existing together with a weakly developed 
magnetic structure . This explains the larger errors ascribed 
to the values of IS and u.E (quadrupole splitting) for this 
sample (Table 3*11)* This sample appears to consist of 
ferr imagnet ic particles and this is supported by the magnetic 
data shown in Pigs. 3*22 and 3*23* 

The value of quadrupole splitting i\E = 0.970 + 0.076 
observed for the as -prepared glass sample (Table 3 *H) is 
about the same as that for the other glass ceramic Fa 2 0-Si0 2 ~ 
Pe 2 0^-Y 2 0^ reported in Table 3*2. It is observed that the 
value of fa E remains essentially constant upto the heat- 
treatment temperature of 500 °C and it decreases for the 
sample heat-treated at T = 560 °C (Fig* 3*27) the hi. E 


0-0 0-4 


fig. 


0-8 1-2 1-6 2-0 2-4 

1/4 q Q (mm secH) 


3.16 B?<J distribution for ths a«-pr#par*d ■aapl«0 
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value for the sample heat-treated at 660 °C (T ) also shows 

c 

a decrease although the associated error is relatively larger. 
This behaviour of the A, E values with the he at -treatment 
temperature is similar to that observed for the Ha 2 0-3i0 2 - 
glass ceramic reported earlier (Fig. 3.6). 

From the discussions in the preceding paragraphs, 

7 i 

it is clear that Fe^ ions are unequally distributed between 
octahedral and tetrahedral sites. This behaviour is usually 
observed in spinel and garnet structures. In the present 
case, X-ray diffraction lines (Table 3*10) clearly show the 
predominant phase to be a-Fe 2 0^. Electron micrograph of the 
sample heat-treated at 660 °C (Fig. 3.28) indicate the 
presence of two distinctly different particle sizes. The 
larger particles, which are around 0.4 pm in size, might arise 
from the a-Fe 2 0^ phase because sharp diffraction lines are 
observed which correspond to a-Fe 2 0^ phase. The smaller 
particles which are \ 100 2 in size and are distributed around 
larger a-Fe 2 0^ particles could probably be due to seme spinel 
phase such as y-Fe 2 0^. However, it is difficult to identify 
this phase from the X-ray data, probably because of its 
smaller size. On the other hand, the estimated Curie 
temperature is 510 °C from the magnetization data (Fig. 

3 . 23 ) which indiates the presence of some spinel phase 
y-Fe 2 0^. However another transition around 180 °C which 
is just like a compensation temperature is not clearly 



Pig. 3.28 


Electron. micrgg ra P k of th ® 
sample at 660 C. 


heat-treated 
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understood. We prooopp . 

hls compensation temperature 

could be aue to an exchange interact-'™ >» + 

rac tj.on between surface 

done of a- F e 2 0 3 particles and the ions of surrounding 

y-Fe 2 0 3 or substituted, y-Fe^ particles. In fact> it 

appears that a-Pe 2 0, particles fore- th» ■ 

d $ b 10rm tiie anner core and the 

spinel phase forts a shin around the y-Pe^ particles. A 

similar explanation has been put forward in the case of 
Ba0-B 2 0 5 -Fe 2 0 5 glass ceramics [l]. 


3 *4.4 Summary 

Mbssbauer, X-ray diffraction and magnetization 
data of 45 PbO-35 B 2 0 3 -4 Al 2 0 3 -10 Pe^-6 TjO, system 
heated at its orystallization temperature indicate the 
presence of large a-Pe 2 0 3 particles surrounded by smaller 
spinel particles. A compensation temperature observed at 
180°C is ascribed to an exchange interaction of the surface 
ions of a-Fe 2 0 5 with the surrounding spinel phase.. 
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CHAPTER - 4 


MOSS BAUER SPEC TROSCOPIC STUDIES OF TBE METALLIC GLASS 

SYSTEM Pe. Ar B 

lQQ-x x 

4 .1 Introduction 

In recent years there has been a tremendous growth of 
interest in the study of metallic glasses because of the 
theoretical and technological interest in these solids [1-8]. 
The metallic glasses are similar to silicate glasses as far 
as the absence of long range periodicity is concerned. In 
both these types of glasses the correlations between the 
atomic positions are completely lost over distances of more 
than about atomic spacings. However the metallic glasses 
are different from the familiar silicate glasses in other 
properties. Metal glasses are amorphous metallic alloys 

r 

and interest in these systems grew after Duwez et al. [9] 
invented a practical way to quench a metallic melt at a 
rate of more than 10° K sec . Metallic glasses can be 
prepared by two important methods. In the first method 
one quenches the metal so rapidly that there is insufficient 
time available for the crystallites to nucleate and grow. 
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while in the second method the amorphous alloy is obtained by 
depositing the vapour phase onto a cold substrate so that the 
atoms, during deposition, do not have sufficient time to 
arrange themselves in s long-range crystalline order. 

Historically, Au-25 at./. Si alloy [9] was the first 
amorphous metal alloy developed and this was followed by 
the development of Pd-20 at./. Si . The subjec t of metallic 
glasses received a big boost after the development of iron- 
and nickel— bearing glasses which were found to be ferro- 
magnetic. Gubanov [10] had, in I960, predicted the possibility 
of ferromagnetism in glassy metals and the experimental 
confirmation of this prediction is an important milestone 
in the field of metallic glasses. For example, Du we z and Lin 
[11] found, in 1967, that the amorphous alloy Fe^^d? -^C ^q was 
a typical soft ferromagnetic alloy with a large saturation 
magnetization of 7 KG but a relatively low coercive force of 
3 0e . A large number of amorphous metal glasses have been 
developed particularly in the last decade [1-8]. 

The study of the various metal glasses developed so 
far is inspired out of their theoretical as well as techno- 
logical significance . The theoretical question to be 
answered is : how are the magnetic characteristics affected 
by the amorphous atomic structure? These magnetic properties 
include the magnetization, Curie temperature, temperature 
dependence of magnetization, magnetoresistance, spin waves, 
critical behaviour, anisotropy, hysteresis, coercive force. 
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Mbssbauer parameters etc. Technological interest in the 
amorphous magnetic alloys arises mainly because of their 
potential as useful soft magnetic materials. Technologically 
interesting metallic glasses fall into two main categories : 
(a) The transition metal-metalloid (TM-M) alloys typically 
containing about 80 at /. Fe, Co or Ni with the remainder 
being B, C, Si, P or Al. An example of the TM— M alloys is 
the ^ e ]_oo-x®x glasses studied presently, (b) The rare 
earth-transition metal BE-TM alloys, (e.g. Gd-Co alloys). 

In recent years -the practical significance of the 
magnetic properties of metallic glasses has centered on the 
possibility that metal glass, in wide sheet form, can replace 
the conventional grain-oriented iron-silicon laminations in 
power transformers. It is estimated that such a replacement, 
if carried out in the U.S.A., can lead to an annual saving 
upto 100-200 million dollars. Other possible applications 
making use of the magnetic properties of metallic glasses 
include audio tape-recorder heads, magnetic shielding, delay 
lines etc . [1,2] . 

The electrical properties of the metallic glasses 
include ( i) higher residual electrical resistivity near 
T = 0 K compared to that of a crystalline metal ( ii) smaller 
(and usually negative) temperature coefficient of resistivity 
as compared to a crystalline metal and (iii) a sharp minimum 
in the res is tivity -temperature graph at low temperatures or 
a broad minimum at a high temperature . Regarding the 
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mechanical properties of the metallic glasses, the most 
important feature is that they are as strong as the oxide 
glass (Filament of FSqqI^q glass shows mechanical strength 
comparable to that of glass fibre). At the same time metal 
glasses, unlike oxide glasses, can undergo plastic deforma- 
t ion at ambient temperatures • 

Besides the study of the magnetic, electrical and 
mechanical properties of metallic glasses considerable 
effort has gone into the study of their structure. Such 
structural information has been obtained by the diffraction 
studies (X-ray, neutron and electron diffraction) as well 
as by the Mdssbauer, NMR and other indirect methods and it 
has provided a basis for the understanding of the phys ical 
properties of the glasses. Two types of structural models 

( i) dense random packing of hard spheres (DRPHS) model and 

(ii) cluster model have been used. We shall not go into the 
details of these models which are described in detail 
elsewhere [1-8]. 

Various glass -forming metallic alloys can be divided 
into well-defined categories. Following Cahn [1] we have 
shown this classification in Table 4.1. 

. 3h the present work we have studied the magnetic 
properties of the metallic glass system ^ e ioo-x®x { 13<x<26) 
using MSssbauer spectroscopic techniques. Before we report 
our studies, we have given, in the next section, a brief 
review of the studies of Fe 100 _ x B glasses carried out by 
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Table 4.1 


Classification of glass -forming alloy systems 


Cate gory 


Rep re s e n tat ive 
system 


Typical composition 
range, at.*/. 


1. 

2 

T or noble 
metal + 

metalloid (m) 

Au-Si, Pd-Si, Co-P, 

Pe-B, Pe-P-C, Fe-Ni-P-B, 
Mo-Ru-Si, Fi-B-Si 

15-25 m 

2 . 

1 ^ . 

T 0 metal + 

T^ '( or Cu) 

Zr-Cu, Zr-Mi, Y-Cu,Ti-Fi, 
Fb-Fi, Ta-Fi, Ta-Ir 

2 

30-65 Cu or T 
or smaller range 

3 • 

A metal + 

B metal 

Mg-Zn, Ca-Mg 

Mg-Ga 

Variable 

4 - 

T metal + 

A metal 

( Ti,Zr) -Be 

20-60 Be 

5. 

Actinide 
+ T 1 

U-V, U-Cr 

2C-40 T 1 


Key 



A metal 


Late transition metal (Mn, Fe , Co, Ni Group) 
Early transition metal (Sc, Ti, V Group) 

Li, Mg groups. 

Cu, Zn, Al groups. 


B metal 
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other workers with the help of Mossbauer spectroscopy. 

4- 2 R eview of Mossbauer Studies of Be 100 _ x B x (13 4.x ^26) 

The crystallization process of the binary amorphous 
metal alloys R e ]_QQ_ x B x has been investigated by "^Fe 
MBssbauer spectroscopy by many workers during the last few 
years. Chien [12] has reported "^Fe MBssbauer spectroscopic 
studies of Fe 8C) B 20 from 4.2 to 1050 E. He reported sextet 
or six-line pattern at all temperatures, with broad width 
(FWHM) for the outer and middle lines. Using the Fourier 
series method developed by Window [13], Chien obtained a 
well defined hyperfine field distribution p(H) which was 
analyzed in terms of temperature dependence and other 
aspects. The temperature dependence of the isomer shift 
in BegQl^Q was studied and compared with that of Fe^B and 
a-Fe . 

In a subsequent paper Chien et al . [14] studied the 
magnetic properties of amorphous R e ioo-x B x ( 44 <[x ^28) and 
crystalline Fe^B by using Fe MBssbauer spectroscopy and 
in some cases magnetization measurements. These authors 
determined the Curie temperature of the samples and the 
distribution of hyperfine fields from 4.2 E to the Curie 
temperature. In the case of R e ygB 24 * ‘they found that the 
distribution p(H) shifts to lower H values with increasing 
temperature . The shape of p(H) was unchanged but the 
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width (Ah) of p(H) steadily decreased with increasing T. 

The various hyperfine fields exhibited almost similar 
temperature dependence. The isomer shift of the Pe^QQ x B x 
samples at 4.2 K showed a smooth decrease with the decreasing 
value of x, the boron content. The hyperfine magnetic field 

^int a "k showed a smooth increase with the decreasing 

values of x. 

Kemeny et al„ [ 15 ] studied the structure and crysta- 
llization of amorphous Be 100 _ x B x (12^x^25) alloys using 
M'dssbauer spectroscopy, differential scanning calorimetry 
and magnetization measurements. These authors found that the 
first stage in the crystallization process is the precipita- 
tion of a-Fe until the composition of the remaining glass 
reaches Fe^B,^. During the second stage the remaining 
glass transforms into the Fe^B intermetallic compound which 
decomposes into a-Fe and Fe 2 B at higher temperatures. The 
crystallization sequence for the ^iqo-x^x system 

as proposed by these authors is as follows : 

amo - Fe 100 _x B x * am0 “ Fe 75 B 25 + a ” Fe 

amo - Fey^B 25 — • ^ Fe^B 

Fe^B > F e 2 B + a “ Be 

where amo stands for amorphous phase. 

Ruckman et al. [16] carried out X-ray crystallographic 
and M'dssbauer spectroscopic studies of amorphous ^poo-x^x 
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alloy (14^ x -v^20) annealed at 615 K for different annealing 
times . These studies were aimed at examining the kinetics 
of the crystallization process in P® pqq B alloys, 
formation of crystalline a-Fe and Fe^B was observed as a result 
of the heat— treatment . Crystallization rates of the a— Fe 
pha.se were observed to be dependent on boron concentration 
and the annealing time. 

Oshima et al. [17] and Oshima [18] also reported B ^Fe 
x^bssbauer spectroscopy of (x = 12 - 15 ) alloys and 

these results revealed the characteristic dependence of the 

H^t on x an< 3 this was interpreted in terms of the inter- 
actions between iron and boron atoms in different ways 
depending on the boron content and the micro structure of 
amorphous matrix. Similar observations were reported by 
Oshima and Fujita [19] in another paper. 

Koshimura et al. [20] studied the temperature 
dependence of the internal field distribution in amorphous 
Fe 85 B 17 and Be 82 B 18 all °y s * The P eak values of the internal 
field distribution p(H) and the distribution of magnetic 
moments V(m) were analyzed in terms of their temperature 
dependence . More recently Kemeny et al. [21] have studied 
the crystallization kinetics of P e poO-x B x alloys 

by Mb’ssbauer spectroscopy and differential scanning 

calorimetry. , , , . • . , 

It is thus seen that the amorphous Pe 100 _ x B x alloys 
have been studied for different concentrations (x) of boron 
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by different authors by measuring their MSssbauer spectra at 

different temperatures. Although these studies have provided 

valuable information about the crystallization process in 

these metallic glasses, the kinetics of crystallization are 

not completely understood yet. In the present work our aim 

was to further characterize the crystallization process in 

the ^ e ioO-x®x a ^l°y s * To this aim we selected samples of 

amorphous T' e ;j_QQ_ x B x (x = 13 to 26) alloys and subjected 

them to heat treatment at 100, 200, 300, 350 and 400 °C 

for 1 h each and studied them by Mbssbauer spectroscopy. 

The crystallization characteristics were also followed by 

differential thermal analysis (DTA) and transmission electron 

microscopy (TEM). The choice of the x values was made in 

the range x = 13 to 26 because these amorphous alloys show 

most interesting behaviour around x = 20 [22]. The heat- 

treatments were chosen so that one could follow the kinetics 

of crystallization throughout. Ruckman et al. [16] had 

annealed their samples of Fe__ B (14<TxX[20) only at 

100— x x ^ ^ 

6 15 K or 342 °q. in our studies we have carried out the 
heat-treatment upto a temperature of 673 K or 400 °C at 
which the crystallization is more or less complete. To 
examine the effect of the annealing time on the crystalli- 
zation kinetics we have also studied two samples heat- 
treated at 350 °C and 400 °C for a period of 4 h. The 
details of the present measurements and the discussion 
of our results are presented in the following sections. 
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In the following we shall describe the experimental 
details of the measurements. These include the preparation 
of samples and measurements using the transmission electron 
microscopy (TEM), differential thermal analysis (DTA) and 
MSssbauer spectroscopy techniques. 

4.3.2 Sample Preparation 


The samples of the amorphous metallic alloys (or 
metallic glasses) -^ e qQQ_ x ® x were obtained from the Allied 
Chemical Corporation, U.S.A. through the kind courtesey of 
Dr. R. Hasegawa. Six samples of ffe 10 O-x B x x = 13 > 16, 

18, 20, 22 and 26 were used in the present work . These 
samples were prepared from the constituent elements of 
purity higher than 99.9 7. by rapidly quenching from the 
melt using a chill casting technique [23]. The samples 
consisted of ribbons having a typical size 1.2 mm x 40 pm. 
Samples used in the TEE, DTA and Mbssbauer measurements 
were formed in a suitable configuration ( to be described 
later) according to the requirements of the experiment! 

The ' as -obtained* or 'as-prepared' samples were 
given heat— treatment in a sealed tube containing argon gas 
for 1 h at 100, 200, 300, 350 and 400 °C and for 4 h at 
350 and 400 °C. The heat-treated samples were allowed to 
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cool down slowly to room temperature before studying them 
with MSssbauer spectroscopy, in the following discussion 
we shall refer to a particular sample by its composition as 
well as the he at -treatment temperature and time period. 

Thus a 300 C (1 h) sample of Pe 80 B 2 Q wil1 refer to a 
Fe 80 B 20 sarople Be at-treated at 300 °c for 1 h. 

4.3*3 Measurement techniques 

(a) Transmission electron microscopy 

In order to carry out the transmission electron 
microscopy (TEM) studies, the samples were ground on 
emery paper to remove the surface layers. This was 
followed by electromechanical thinning using a Struers 
Tenupol unit. More details of the thinning treatment given 
to the samples for the TEM studies are described by Das [24] 
who carried out and reported these measurements. Following 
the thinning treatment the samples were studied with the 
help of a Philips EM 301 electron microscope operated at 
100 KV. Crystallization studies were carried out by 
heating the bulk samples outside the microscope and then 
thinning them for electron microscopy, in a second set of 
experiments thin foil prepared from the amorphous material 
were heated inside the electron microscope using the hot 


stage. 
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(b) Differential thermal analysis 

For carrying out the differential thermal analysis 
(DTA) the samples (in the form of ribbons) were cleaned 

mechanically using emery paper so that the oxide layer was 
removed from the surface. The ribbons were then cut into 
small pieces of 3 mm size and packed in a crucible for the 
jjTA studies [ 24 ]. MOM Hungary Derivatograph was used with 

-^2^3 as a • re ^ erence material. Other details are described 
by Das [24]. 

(c) M'Ossbauer spectroscopic measurements 

The M'Ossbauer spectroscopic measurements were 
performed by using' the constant acceleration spectrometer 
described in Sec. 2 . 3 . M'Ossbauer absorbers were prepared 
from the ^ e ]_oo-x®x r iH° ns placed parallel and close to each 
other by pasting them over copper rings of 1 cm diameter. 

All M'Ossbauer spectra were recorded at room temperature. 

The velocity calibration and the data analysis of the 
M'Ossbauer spectra were performed by using the methods 
described in the earlier Chapters. 

4.4 Results and Discussion 

4.4.1 Results of transmission electron microscopy 

The results of the investigations on thin samples 

of Fe, nn B using transmission electron microscopy are 
JL 0 0 3C 
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discussed in detail by Das [ 24 ] who has also presented a 
number of micrographs and diffraction patterns corresponding 
to various annealing temperatures. These are summarized 
m Table 4.2 in terms of the transformations oc curing during 
the crystallization. These interpretations are based on 
the TEM studies by Das [ 24 ]. The rece rrt results of Das and 
Ramachandran [25] on the annealing of bulk materials [25] 
outs ide the electron microscope are also included in Table 
4 . 2 , along with the data about temperature and time period 
of heat —treatment as well as the interpretation proposed. 

The crystallization process in the bulk samples occurs in 
the temperature range 350 °C - 400 °C with the formation of 
a -Re and Fe^B. In the case of thin samples heated inside the 
electron microscope the temperature for the onset of crysta- 
llization is somewhat lower. Two factors are likely to 
contribute to the difference in the crystallization 
behaviour of the bulk samples and thin samples. The large 
surface area associated with the latter would cause hetero- 
geneous nucleation of the crystals at temperatures lower 
than those encountered in bulk samples. On the other 
hand, since the rate of heating of the thin foil inside the 
microscope is about 10 - 15 C/min, there would be an 
increase in the crystallization temperature compared to 
those encountered in prolonged isothermal treatments (such 
as those given in the bulk annealing of samples). The 
actual temperature of transformation would be the net 
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3 umma ry 


3 ample 


and 

Compo- 
s it ion 


of the results obtained by the TIM, DTA, DTXD and Mossbauer 
studies of the B e po 0 -x B x samples. 


Transmission Electron Microscopy 

Thin Sample [24] 

Bulk sample [25] 

T(b) t(b) 


DTA( a) 


Sate of Heating 
( °C/min) 

1 [26] 5 [24 


Peak 
I II 


Peak 

i i; 


Fe 87 B 13 


Fe 84 B 16 


Fe 82 B 18 


Fe 80 B 20 


Fe 78 B 22 


Fe 74 B 26 


„ 18C°C 

amo a-Fe+amo 


560°C i 


RIO 440 240 5: 


a -Fe+Fe^Bf 

S10°C 

amo ^ a-Fe+amo 


450°C 


■4S 


350 

400 


lh amorphous 


360 405 300 41 


amo 


350°C 


a-Fe+Fe^B{ 


lh a-Fe+Fe^B 


a-Fe+amo 
>o, 


440°C 4 


a-Fe+Fe^jq 


350 

400 


lh amorphous 


380 


lh oc-Fe+Fe^B 


amo 


332°C 


a-Fe+amo 
405°C 


350 


- 385 


a-Fe+Fe^Bj 


lh a-Fe just 
formed 
while largef 
amount of 
amorphous phases 
still therej 


amo 


363°0 


a-Fe+amo 


400 


400°C 


lh a-Fe+Fe_B 
3 


a-Fe+Fe^Bi 
o ^ 

amo i20_C a _p e+ pe 3 B 


- 395 


415 


4' 


- 4 


- 4 


( a.) 
(b) 


DTA = Differential Thermal Analysis 
in (°C). 

T = temperature of heat-treatment ( in 
o-p heat-treatment. 


. The temperature given 


°C) t = time period 
Contd 
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effect of these two opposing factors. 

Electron-optical studies of previous investigators 
were mainly restricted to ^ e poO-x®x sam Pl es having boron 
concentration z = 16, 17, 20 and 24 with z = 20 alloy receiving 
mazimum attention. The present studies support primary crys- 
tallization of a-Ee in the F e poo~z®z a ^-°y s f° r x = 13 , 16, 18, 
20 and 22 but not for z = 26. The primary crystallization 
temperature appears to increase with increasing boron content 
in thin samples, however this effect is not prominent in bulk 
annealed samples. The temperature at which the Fe^B separates 
out in thin samples appears to decrease with increasing boron 
content. This behaviour is consistent with the prediction of 
the free energy composition diagram for these alloys. Formation 
of a-Ee in thin foils was observed to become weaker as the 
boron content increases from 13 to 22 as revealed by higher 
temperatures .for primary crystallization. The tendency for 

the formation of Fe-,B is more in the concentrated alloys 

3 

resulting in lower crystallization temperatures. 

4.4.2 Differential thermal analysis 

The differential thermal analysis (DTA) carried out 
on the Fe inn B samples provide valuable information on 
the temperatures at which crystallization is initiated and 
the activation energy for the crystallization. The results 
of the DTA studies for the heating rate of 1 °C/min by 
Ray and Hasegawa [26] and of 5 °C/min by Das [24] 
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are summarized in Table 4.2. The labels I and II in Table 
4.2 refer to the positions of first and second peaks observed 
in the DTA spectra, since some spectra showed two peaks. 
Differences observed in the results Of Ray and Hasegawa 
[26] and Das [24] can be ascribed to the different rates of 
heating in the two measurements. The x = 13 and x = 16 
samples show two peaks, one occurring at temperatures at about 
300 °C and the other at temperatures greater than 400 °C. For 
the alloys having boron concentration of x = 18, 20, 22 and 
26, the DTA plots show only one prominent peak in the tempera- 
ture range 460-490°C for the heating rate of 5°C/min. The 
dependence of the temperature of occurrence of the DTA peak 
on the heating rate was used by Das to calculate the activa- 
tion energy of the crystallization process and values of 
36.9 K Cal/mole and 52.3 K Cal/mole were obtained for the 
18 and 20 % boron samples respectively. 

4.4.3 Dynamic temperature X-ray diffraction 

Recently Khan et al. [27] have studied the stability 
and crystallization behaviour of F^qO-x^x alloys for 
12,- x <^28 by the dynamic temperature X-ray diffraction 
(DTXD) method. These authors have presented a plot [27] 
of the temperatures of first appearance of the phases found 
in Fe-,™ B as a function of the boron concentration x. 

Their results, in terms of these temperatures are also 
shown in Table 4.2. The range of temperatures given for 
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Fe^B and Fe 2 B in Table 4.2 refers to the high and low tempera- 
ture modifications discussed by Ehan et al. [27]. 

In this way we have attempted to collate in Table 4.2 
the available data, relevant to Fe.,-- B , obtained by TEF 

lUU — X X 

[24,25], DTA [24,26], DTXD [27] and Mbssbauer studies. The 
Mossbauer spectroscopic results presented in Table 4.2 include 
those from the oresent work (to be discussed in Sec. 4.4.4) 
as well as those reported by Oshama and Fujita [19], Ruckman 
et al. [16] and by Franke and Rosenberg [28]. 

4.4.4 M'Ossbauer studies 

The Mbssbauer spectra for the sample Begr^B^, ^ e 84®16’ 

Fe 82®18’ ^SO^O’ ■ Pe 78®22 an<3 - ■ Pe 74 S 26 Beat-treated at 
different temperatures are shown in Figs. 4.1 to 4.8 where 

the heat-treatment temperatures and its time-schedule (number 
of hours) are described in the caption for each figure. It 
is seen that for each of these six samples one observes a six- 
line (sextet) Mbssbauer spectrum for the as-prepared sample 
as well as the samples heat-treated at 100, 200, 500 and 350 °C 
for 1 h each. However the width of each of these six line in 
these Mbssbauer spectra is rather broad, the outer peaks 
showing a FWHFh^Ll.2 mm sec 1 and the innermost peaks showing 
FWHM'— 0.5 mm sec , in agreement with Chien [12J. The 
observed broad width arises because of the amorphous nature 
of the alloys. A marked difference in the shape of the 
Mbssbauer spectrum is seen in going from the heat-treatment 
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temperature of 350 °C to 400 °C for the samples Fe on B^, 

Of Ij 

1?e 84 B 16- Pe 82 B 18 and Fe 80 B 20 (Pigs. 4.1 to 4.4). In the 
case of the samples ^’ e yg®22 an< ^ ^ e 74®2f "^^ ie s P ec ^ ra For the 
350 C and 400 C samples are similar. This behaviour will 
be discussed later. 

It is observed from Pig. 4.7 and Pig. 4.8 that the 

M'Ossbauer spectra for the 400 °C (4 h) and 400 °C (1 h) are 

similar in the case of all the six samples, while the 350 °C 

(4 h) and 350 °c (1 h) are similar for all the samples 

except Pe B . Ve shall comment on this behaviour later on. 
a 1 15 

We carried out an analysis of the hyperfine magnetic 
field distribution p(H) using Window's method described in 


Chapter 2. Plots of the p(H) distributions for the different 
as-prepared samples (x = 13, 16, 18, 20, 22 and 26) are shown 
in Fig. 4.9 while Pig. 4.10 shows the plots of p(H) for the 
Pe^^B^g samples for different heat-treatment temperatures 
(time = 1 h) . Using these results we have determined the 


peak values of the hyperfine magnetic field, as well 

as the FWHK of the p(H) distributions, dkK, and these are 

shown in Pigs. 4.9 and 4.10. It may be pointed out that the 

values of H. ni ., determined by us from the least-square -fit 

analysis (fitting of Lorentzian curve as discussed in Chapter 

2) were consistently higher than those determined from the 

p(H) distributions (except for 2-3 cases) by 1-5 % . The 

values of H . , and Ah obtained by us are shown in 
ant 


Table 4.3. 
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It is observed that the general shape of the p(H) 

distributions at room temperature is similar for different 

boron concentrations (Fig. 4.9). For the Fe„,B^- sample 

74 26 

the effect of heat -treatment on the p(H) distributions is to 

bring an asymmetry in the.p(H) curves at higher temperatures 

(Fig. 4.10). The width (FWHM) , of the p(H) curves is 

77 KGe for the as-prepared sample. The values of shows 

marginal changes with x or with the temperature. 

In order to bring out the systematic behaviour of 

the variation of the M'Ossbauer parameters like isomer shift 

(IS) and hyperfine magnetic field (H^^) we have analyzed 

the spectra in Figs. 4.1 to 4.6 and obtained the values of' 

IS (relative bo a-Fe) and (in KOe ) obtained by Lorentzian 

curve -f it ting. These results are plotted in two ways. ( i) 

In Fig. 4.11 and Fig. 4.12, we have plotted IS and 

values for each x (percentage of boron in Fe,_„ B ) as a 

° luO-x x' 

function of the heat-treatment temperature (time = 1 h) . 

(ii) In Fig. 4.13 and Fig. 4.14 the IS and H. values for 
each he at -treatment temperature (time = 1 h) are plotted 
against x. 

Examination of these results reveals that excepting 
x = 26, the values increase with the heat-treatment 

tempera.ture for the different ( 13 ^.x^." 22 ) boron concentra- 
tions. The onset of such an increase in the H^ n ^_ values 
appears to occur between T = 100 °C and T = 200 °C and 


indicates a distinct change in the atomic structure of 
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the gla.ss systems between 100 °C and 200 *°C. A further 
increase in the H^ n ^_ value (excepting x = 13 and x = 22) 
accompanied by a more asymmetric nature of the p(H) curve 
is observed after 300 °C. This behaviour is attributed to 
the formation of crystalline a-Fe and Fe^B as observed by TEM 
studies (Table 4.2). 

The variation of the values with x for different 

heat-treatment temperatures show that for T 350 °C, H^ n ^. 

increases from x = 13 to x = 18, remains unchanged between 

x = 18 and x = 20 and then decrease from x = 20 to x = 26 

(Fig. 4.14). Similar behaviour was observed by Ruckman et al 

[16]. For the samples heat-treated at 350 °c the H ^ values 

int 

are higher and show a sharp decrease after x = 20. These 
results show that as the boron percentage increases beyond 
x = 20, the behaviour of internal magnetic field changes 
sensitively. Such dependence of the properties of Fe-^Q B^ 
alloy on the boron percentage has been observed earlier 
[16,22,24] . 

It is seen from Fig. 4.13 that the IS values do not 
show variation with x for the samples heat-treated at 100, 

200 and 300 °0 . In the case of the as-prepared samples the 
IS values decrease with x in agreement with Ruckman et al. 
[16]. The sample heat-treated at 350 °C shows an increase 
in the IS value from x = 13 to x = 16, followed by a flat 
behaviour upto x = 22. The lower IS value for the x = 13 
'sample could be due to the formation of a-Fe as suggested 
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in Table 4.2. 

As explained earlier we have collated the. data from 

Mbssbauer and other studies of Pe B in Table 4.2. The 

100 -x x 

present Mbssbauer spectroscopy results for x = 13 , 16, 18, 

20, 22 and 26 are shewn in Table 4.2 for the he at -treatment 

temperatures (T) of 350 and 400 °C for the treatment periods 

(t) of 1 h and 4 h. In Table 4.2 our results are summarized 

in terms of the identification of the Mbssbauer lines due to 

amorphous phase, a-Fe , Pe^B and Pe 2 B using the spectra and 

the characteristic line positions shown in Pigs. 4.1 - 4-8. 

The relative contributions from the a-Fe , Fe^B and Pe 2 ® 

phases are indicated by the symbols S = strong, M = moderate 

and W = weak shown in the brackets and they were deduced from 

the intensities of the Mbssbauer lines (Figs. 4.1 - 4.8). 

Also shown in Table 4.2 are the summarized results of other 

work on Mbssbauer studies of Fe, nn B_. The results shown 

100 -x x 

in Table 4.2 will now be discussed separately for each value 
of x (boron concentration). Data presented in Table ^ .2 
have to be kept in mind while following the discussion given 
below. 


Fe 87 B 13 


Samples with this composition in the form of thin 
foils annealed inside the transmission electron microscope 
(TEM) crystallize at 180 °C [24] with the oc-Fe phase 
separating out and Pe^B is observed to be formed at 560 °C . 
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Differential thermal analysis (DTA) studies reveal peaks at 
310 and 440 °C for the heating rate of 1 °C/min [26] and 
at 240 and 510 °C for 5 °C/min [24]. Results of the dynamic 
temperature X-ray diffraction (DTXD) measurements show the 
separation of a-Fe at 149 °C and of Fe 2 B from 298 to 485 °C 
[27]. MOssbauer studies reported by Oshima and Fujita [19] 
show separation of a-Fe at 260 °C. The present MOssbauer 
spectroscopy results show (i) formation of a-Fe when the 
sample is heat-treated at T = 350 °c for t = 1 h, and ( ii) 
weak formation of the Fe^B and Fe^B phases when the heat- 
treatment at 350 °c is prolonged for 4 h. It is to be noted 
that the crystallization of FegB ds indicated only in the 
DTXD and the present Mossbauer studies. The variation in 
the temperatures of appearance of the various phases as 
revealed by various techniques (viz. DTXD, DTA, TEM and 
M'bssbauer) is an important feature of the results in Table 
4.2 and is consistently observed with samples of other 
compositions. The present Mbssbauer results (Fig. 4.J- and 
4.7 and Table 4.2) support existence of amorphous phase for 
T <[350 °C and formation of a-Fe at T ’~~550 °C and t = 1 h 
with a, weak formation of Fe^B and Fe 2 B at T = 350 °C , t = 4 h 
and at T = 400 °C with t D^'l h. 

Fe 84 B 16 

Thin foil samples with this composition when examined 
by the TEM studies [24] show the separation of a-Fe at 
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T - 310 °C and of Fe^B at T = 450 °C. In contrast, the TBM 
studies of the hulk samples of I'e g4 B 16 annealed at T = 350 °C 
for t = 1 h still show [25] the amorphous structure and the 
formation of a-Fe and Pe^B is seen only at T = 400 °C for 
t = 1 h. The DTA results show peaks at 360 and 405 °C for 
1 °C/min (heating rate) [26] and at 300 and 482 °C for 5 °C/mi 
[24]. Results of the DTXD measurements [27] for this compo- 
sition show the separation of a -Be , Pe^B and PegB a "k 242 °C , 
284 - 460 °C and 572 °C respectively* MGssbauer studies 
reported hy Ruckman et al. [16] indicate formation of a-Pe 
at T = 342 °c for t = 24 h and crystallization of Pe^B at 
T = 342 ° C when t is increased to t = 360 h. Present 

Mossbauer results show that Pe b, r remains amorphous at 

84 16 

T = 350 C when heating period is t ^C'4 h. ¥e have observed 
strong formation of a-Pe , accompanied by weak formation of 
Fe^B and perhaps some Pe2B when this sample is heated at 
T = 400 °C for t ^.1 h. The present Mossbauer results agree 
with the TEM results for the bulk samples [25]. 

Fe 82 B 18 

The TEM measurements carried out with thin foil 
samples of this composition reveal the separation of a-Pe 
at 350 °C and of Pe^B at 440 °C [24] while those carried 
out with bulk samples show the separation of a-Pe and Fe^B 
at 400 °C [25] . Only one peak is observed in the DTA 
studies and it is observed at 380 °C with the heating rate 
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of 1 °C/min [26] and at 460 °C with .5 °C/min [24]. Results 
of the DTXD measurements [27] show format ion of a-Fe t Fa^B and 
Fe 2 B at temperatures T = 232 °C, 257-427 °C and 539 °C respec- 
tively. M'Ossbauer studies of 5 ' e Q 2 B iQ by Ruckman et al. [16] 

show results similar to those observed by them for Fea.B-,^. 

84 Id 

The present Fossbauer results show that Fe 00 B, Q remains 

82 18 

amorphous at T = 350 q for 4 h and a-Fe (strong) and 

Fe B (moderate) is formed at T = 400 °C with t = 1 h while 

5 

a-Fe (strong) Fe^B (moderate) and Fe 2 B (weak) is formed at 
T = 400 °C with t = 4 h. This behaviour agrees with the 
trend of Mossbauer results observed by Ruckman et al. [16] 
and the TEM results observed by Das [24] and Das and 
Ram a chandran [ 2 5 j . 

llQOfjQ ; 

The TEM studies carried out with thin foils [26] of 
F 6 qqB 2 q reveal crystallization of a-Fe at 332 °C and of Fe^B 
at 405 °C , while the TEM studies with the bulk samples [25] she 
that at T = 350 °C for t = 1 h, the sample is still amorphous 
with some formation of a-Fe. The DTA studies show single peak; 

at 385 °c with 1 °C/min [26] and 460 °C with 5 °C/min [24]. 

Results of the DTXD studies indicate formation of a-Fe, Fe B 

5 

and Fe^B at 312 °c, 243-427 °C and 563 °C respectively [27]. 
M’Ossbauer studies by Franke and Rosenberg [28] showed that 
Fe OA B 00 remains amorphous at T = 327 °C for t = 10 h, but 

OU 2 U 
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new phases appear at T = 377 °C, with oc-Fe appearing for 
t = 45 min* They observed a-Fe , FegB and presumably a phase 

with a ratio FesB^.3 at T = 427 °C for t = 1 h. Present 

Mossbauer results indicate that FegQB^Q remains amorphous 
at T = 350 °C for t i<4"4 h, while a-Fe and Fe^B are formed 

at T = 400 °C for t 3^1 h. Thus the present results show 

good, agreement with the trend of the results observed by 
other M'Ossbaue r [28], TKF [24,25], DTA [24,26] and DTXD [27] 
studies . 


The TEM measurements with the thin samples [24] of 
this composition show separation of a-Fe at 363 °C and of 
Fe^B at 400 °C [25] while those with the bulk samples show 
separation of a-Fe and Fe^B at T = 400 °C for t = 1 h. The 
DTA studies show single peaks at 395 °C with 1 °C/min [26] 
and at 458 °C with 5 °C/min [24]. The DTXD measurements 
[27] show formation of a-Fe, Fe^B and Fe 2 B at 355 °C, 

241-402 °C and 548 °C respectively. We have not come across 
any reported study of Fe^gB 22 using Mossbauer technique. 

Our MGssbauer studies indicate that in the samples of 
Fe^gB 22 the amorphous phase remains stabilised upto 
T = 400 °C even if t is raised to 4 h. At first sight 

these M/ossbauer results may appear to contradict the results 
obtained by TEM [24 ,25], DTA [24,26] and DTXD [27] studies. 
However the temperatures at which different phases have 


appeared in various studies (i.e. using different techniques) 
are consistently in disagreement (for all the samples) as 
pointed out earlier.. We feel that this inconsistency, arising 
out of different experimental conditions etc., is causing the 
problem. If we look at the general trend of different results 
it appears that a-Fe and Fe^B is formed in Fe^gB 22 3 US ^ a f^ er 
400 °C and our 1-loss bauer measurements failed to detect these 
phases because we did not go beyond T = 400 °C and t = 4 h. 


Fe 74 B 26 


In the case o-p Fe^B^g the TEM studies with thin 
samples show separation of a-Fe and Fe^B at 420 °C [24]. 

The DTA studies show single peak at 415 °C with 1 °C/min 
[26] and at 490 °C with 5 °C/min [24]. The results of the 
DTXB measurements [27] show separation of a-Fe, Fe^B and 
Fe 2 B at 369 °C , 441 °C and 302-583 °C respectively. Again 
there are no reported Mossbauer studies of Fe^B^ known to 
us. The present M'Ossbauer measurements of Fe^B 2 g yield 
results similar to those for BeqgB 22 in that only the 
amorphous phase is revealed upto T = 400 °q an d t = 4 h. 

We therefore propose the same explanation as given in the 


preceding; paragraph and conclude that in Fe^ B 2 g the phases 
like a-Fe, Fe^B and Fe 2 B are separated out only at T>400 °C 
with t ]> 4 h. 

In the above we have discussed the results obtained 
by Mossbauer and other measurements for different 
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compositions of ^ e poo-x®x* Some general remarks will be 
made now. Firstly the present Mossbauer results show that 
at T = 400 °C and t = 4 h, the amount of a-Fe formed 
decreases from x = 13 to x = 20 (Figs. 4.7 and 4.8 and 
Table 4.2) or as the iron-content is decreased. Similar 
behaviour was reported by Ruckman et al. [16] and Kemeny 
et al. [21] . The amount of formation of Fe^B increases as 
the boron concentration is increased from x = 13 to x = 20 
(Fig. 4.7 and 4.8 and Table 4.2). Secondly the present 
Mossbauer measurements indicate weak formation of Fe^B at 
T = 400 °C for x = 13, 16 and 18. However one should 
remember that the Mossbauer lines originating from Fe^B and 
Fe^B lie quite close (e.g. Fie:. 4.7) and they cannot be 
clearly resolved. Again Fe 2 B can arise out of the thermal 
decomposition of Fe^B requiring an extended period of heat- 
treatment before a substantial amount of Fe 2 B can be formed. 
In our case this time period t was t ^ 4 h and hence the 
formation of Fe 2 B was weak for x = 13-18. The same reason 
may explain why our Mossbauer results do not indicate 
formation of Fe 2 B for x 0>18. 

Thirdly the present Mossbauer results for FeygB 22 
and Fe^B 2 g have shown stabilization of the amorphous phase 
upto T = 400 °C even with t = 4 h. We attribute this 
behaviour to the following. It has been shown by Chien 
et al. [14] that the magnetic ordering temperature (T Q ) 
decreases sharply with increasing Fe concentration*, from 
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487 °C for Fe ?2 B 28 to 279 °C for Fe 86 B 14 . It therefore 
appears that T c C400 °C for Be 7 gB 22 and Fe 74 % 2 6 and hence 
in our measurements at T = 400 °C and t^T4 h, a-Fe could not 
he crystallized for x = 22 and 26. We might have observed 
clearer formation of a-Fe for the x = 22 and x = 26 samples 
if we had gone upto T —.450 °C or above. Similar arguments 
can be given to explain the non-formation of Fe^B (and Fe 2 B) 
in B e 7g B 22 and Fe B 26 at T = 400 °c with t -< 4 h. We feel 
that these two compositions (x = 22 and x = 26) should be 
further investigated by Mbssbauer spectroscopy using !>-400 °C 


and t 7>4 h. 


The present investigations, along with other 
reported data., have provided further information about 
kinetics of crystallization in the Be 10 Q_ x B x glasses, 
although they do not provide a complete picture yet. The 
foregoing discussion clearly points out. that attempting a 
meaningful comparison of the results obtained on various 
samples and by using a variety of techniques is a difficult 
task. There is a reasonable agreement between the results 
obtained with samples annealed outside and then examined 


by TEM and Mbssbauer techniques. It appears that further 
studies in this connection should be concerned with the 
annealing of bulk samples for various lengths of time 
at temperatures ranging between 300 and 400 °c and perhaps 
upto 450 °c. 
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CHAPTER 5 


STUDY OF THE! ROASTING AM) TEACHING PROCESS OF PYRITB 
MINERALS BY MOSSBAUBR SPECTROSCOPY 

5 * 1 Study of the Roasting Process of Pyrite Mineral 
5-1.1 Introduction 

Various sulphides of iron provide important technologies 
applications because of their interesting electrical and 
magnetic properties. Iron sulphides occur as minerals in 
nature and they may be beneficiated by different methods of 
ore dressing prior to extraction of their constituent elements * 
Among the six iron sulphide minerals (viz. pyrite , marcas ite , 
pyrrhotite, mackinawite , greigite and smythite) pyrite (PeS2) 
occurs abundantly among the coal deposits in nature as large 
cubic crystals . One of the ore dressing methods for separa- 
t ing many of the mixed sulphide and oxide ores utilizes 
high -power magnets.- Some minerals are nearly non -magnetic and 
cannot be influenced by strongest magnets. In such cases, the 
minerals are rendered strongly magnetic by 'roasting' them 
under suitable conditions [ 1 ] - Such roasting of pyrite leads 
to formation of magnetic sulphides (e.g. pyrrhotite) Ee^_ x S, 
0.<;x <0.125 and oxides (e.g. Fe-0^ , Pe^ etc.). Such changes : 
of pyrite into magnetic sulphide can be brought about by a 
short roast in air through a chemical change similar to 
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7FeS 2 + 120 = Fe. 7 S 8 + 6S0 2 (5.1) 

In (5.1) above only one suitable example is given but in the 
actual roasting process the nature of the exact sulphide 
formed is decided by the time period for which the roast is 
carried out. Thus in (5*1) above, the formation of Fe^Sg 
is limited to the surface of each grain with FeS 2 still 
forming the kernel. As the time period of roasting is 
increased the sulphide formation penetrates the grain while 
the sulphur on the outside is all removed. This leads to 
the formation of the magnetic oxide (magnetic-like Fe^O^) 
according to the chemical change 

3Fe 7 S 8 + 760 = 7Fe,0 4 + 2430 2 (5-2) 

This change may continue until the whole grain of pyrite 
is changed into the strongly magnetic oxide, Pe^O^. Upon 
carrying the roast further, iron takes up another atom of oxyge 
for every six atoms of Pe , to form Pe 2 0^ as shown below 

2Fe 5 0 4 + 50 = 3Fe 2 0 5 + 0 2 . (5.3) 

It is well known that the Mossbauer spectra of 
pyrite, magnetic sulphide like pyrrhotite, magnetic oxide 
like Pe^0 4 , Pe 2 0^ etc. show typical characteristics and 
their Mbssbauer parameters like isomer shift (TS), quadrupole 
splitting (As) and internal magnetic field (H irft ) carry 
the individual identification of each compound. Earlier 
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studies of pyrite using Kdssbauer spectroscopy have been 
aimed at studying the structural or ele ctronic properties 
of this system [2-5]. We thought it interesting to study 
the kinetics of the roasting of pyrite by observing Mossbauer 
spectra of pyrite samples roasted for different intervals of 
time. In the following we report Mossbauer spectra of pyrite 
samples roasted at 610 + 5 °C for a time interval t = 0.0, 

0.5, 1.0, 2.0, 5*0, 15.0, 30.0 and 60.0 mins. The choice of 
temperature was made on the basis of existing literature 
data and the results obtained subsequently have justified 
the choice . The observed spectra are analyzed in terms of 
the particular compound that can be formed. 

5.1.2 Experiment 
a) Sample preparation 

Powdered samples of pyrite were taken and roasted in 
a small porcelain boat at 610 + 5 °C in controlled air 
stream for different time intervals t = 0.0, 0.5, 1.0. 2.0, 
5.0, 15.0, 30.0 and 60.0 mins. After the roasting the 
sample material was quickly poured and quenched on alumina 
held at room temperature. After cooling, the sample 
materia.1 of about 50 mg was spread uniformly between two 
thin layers of sellotape to form absorbers for Mossbauer 


stud ies . 
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b) Mossbauer measurements 

Mbssbauer spectra from the pyrite samples were 
observed at room temperature with help of a. constant accele- 
ration . Mbssbauer drive coupled to Fuclear Data. Model FD60 

multi-channel analyzer. A 20 mCi radioactive source of 
57 

Co in Rh matrix obta ined from Few England Fuclear Inc. 

USA was used for recording the spectra. The Mbssbauer 

57 

spectrometer was calibrated with the help of natural Pe 
absorber. Parameters of the Mbssbauer spectra were deter- 
mined with the help of a computer program developed for 
least-squares curve-fitting analysis of the observed 
spe ctra. . 

c) Other measurements 

To corroborate the results obtained by Mossbauer . 
spectroscopy, we recorded the X-ray powder diffraction 
patterns of the samples by using Rich and Seifert IS0- 
Debyeflex 2002 diffractometer with a CrK a target. These 
studies were performed at room temperature. Table 5»1 
summarizes the X-ray data obtained for various samples 
together with the data obtained for pyrite. 

These results are also analyzed to identify lines due to 

and y-FegO^. Examination of the X-ray data (Table 
5.1) shows that the 0.5 min sample (i.e. sample roasted 
for 0.5 min) displays the X-ray lines of pyrite. On the 
other hand the X-ray lines due to pyrrhotite appear in the 
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TABLE 5*1 


X-ray data for pyrite roasted for different %imfe intervals. 
The assignment is shown in the last column (page jgqj 


Sr. Pyrite 

TXT — 


0.5 minute 
heat -t re a tme nt 


1.0 minute 
he at -t re_atme nt 


1HJ » j / \ 

d(nm) 

Inten- 

sity 

hkl 

d(nm) 

Inten- 

sity 

hkl 

d(nm) 

Inten- 

sity 

hkl 

1 t — 

- 

- 

- 

- 

- 

• 

- 

- 

2 . 

- 

- 

- 

- 

- 

- 

- 

- 

5. 0.3124 

M 

Ill 

0.3124 

M 

Ill 

0.3124 

M 

Ill 

4 . 

- 


- 

- 

- 

0.2960 

vw 

101 

5. 0.2704 

VS 

200 

0.2704 

VS 

200 

0.2699 

VS 

200 

6 . - 






0,2621 

VW 

112 

224 

404 

7. 

- 

- 

- 

- 

- 

- 

- 

- 'f 

8. 

- 

- 

- 

- 

- 

- 

- 

- 

9- 0.2423 

s 

210 

0.2419 

M 

210 

0.2419 

VS 

210 

10. 

- 


- 

- 

- 

- 

- 

- 

11. 0.2210 

s 

211 

0.2207 

VS 

211 

0.2210 

M 

211 

12 . 

- 

- 

- 

- 

- 

- 

- 

- 

13- 

- 

- 

0.2053 

vw 

228 

0.2052 

VW 

228 

14 . 

- 

- 

. - 

- 

- 

0.2047 

vw 

228 

13. 0.1913 

M 

220 

0.1913 

M 

220 

0.19H 

K 

220 ! 

16. 

- 

- 

- 

- 

- 

- 

- 

- 

17. 

- 

- 

- 

- 

- 

- 

- 

- 

18. 0.1632 

VS 

311 

0.1632 

VS 

313 

0.1630 

VS 

311 : 

1 

19. 0.1563 

vw 

222 

0.1563 

vw 

222 

0.1563 

vw 

222 

20. 0.1501 

w 

230 

0.1500 

vw 

230 

0 . 1502 

w 

230 1 

21. 

- 

- 

- 

- 

- 

- 

- 

— 

22. 0.1447 

¥ 

321 

0.1446 

w 

321 

0.1447 

M 

321 
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Tab le - 5 • 1 ( C on t inue d ) 


qT . 2.0 
t\t 0 beat- 

minute. 


5.0 

m inute 


15. 

0 minute 


treatment 

heat- 

treatment 

heat 

-treatment 

] ' 10 * d^nm] 

In ten- 

hkl 

d(nm) 

In ten- 

hkl 

d(nm) 

In ten- 

hkl 


s ity 



sity 



sity 


1. 

— 

- 

— 

— 

- 

0.3675 

M 

— 

2 . 

- 



- 

- 

0.3331 

W 

- 

3. 0.3118 

V 

Ill 

0.3124 

S 

Ill 

- 


- 

4. 0.2960 

¥ 

101 

0.2960 

VS 

101 

0.2973 

s 

101 

5. 0.2704 

YS 

200 

0.2704 

s 

200 

0.2689 

vs 

104 

6. 0.2630 

¥ 

112 

0.2621 

2? 
t— " 

112 

0.2635 

s 

112 


224 



224 



224 



404 



404 



404 

7. 0.2526 

VW 

201 

0.2522 

vw 

201 

0.2517 

vs 

201 

8. 



_ 




0.2517 

vs 

110 








311 

9. 0.2419 

s 

210 

0.2419 

s 

210 

- 

- 

- 

10. 0.2266 

vw 

1010 

0.2269 

vw 

1010 

0.2269 

vw 

101 

11. 0.2210 

8 

211 

0.2207 ' 

M 

211 

0.2207 

M 

113 

12. 




0.2 074 

VW 

114 

0.2074 

vw 

114 






408 



408 

13 - 0.2050 

w 

228 

0.2053 

VS 

228 

0.2058 

w 

228 

14. 0.2037 

¥ 

228 

- 


- 

- 

- 

_ 

15. 0.1911 

¥ 

220 

0.1913 

M 

220 

- 

- 

- 

16. 0.1714 

VW 

300 

0.1708 

M 

300 

0.1719 

M 

300 



201 



201 



201 

17. 0.1691 

VW 

116 

0.1693 

W 

116 

0.1695 

M 

HO 

HO 

18. 0.1633 

M 

311 

0.1630 

S 

311 

- 

- 

- 

19. 0.1563 

w 

222 

0.1563 

W 

222 

- 

- 

— 

20. 0.1502 

vw 

230 

0.1500 

W 

230 

- 

- 

- ! 

21'. 

_ 


0.1480 

w 

214 

0.1480 

w 

214 





440 



440 

22. 0.1447 

¥ 

321 

0.1447 

M 

321 

0.1433 

s 

433 







530 
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Table — 9.1 (Continued) 


g 30.6 

m inute 
treatment 

66.0 minute 
heat-treatme 

nt 

Assignment 


ao * dfnml 

Int- 

ens- 

ity 

hkl 

d ( nm ) 

Int- 

ens- 

ity 

hkl 


1. 0.3665 

S 

012 

0.3665 

M 

012 

a-Fe 2 0, 


2. 0.3331 

¥ 

213 

0.3331 

VW 

213 

y-Fe 2 0 3 


3 • 

- 

- 

- 

- 

- 

Pyrite (FeS 2 ) 


4 . 

‘ 

mmm 


*— 

*— 

Pyrrhotite (Fe-L^S) , 
Mack ina w it e ( Fe gS g ) 


5. 0.2694 

VS 

104 

0.2704 

VS 

140 

Pyrite in first five 
column and a-Fe 2 0^ in 
three column 

las 

6 . - 

— 


— 

— 

— 

Iroilite (FeS) and 
Pyrrhotite (Fe 1 _ x S) 


7. 

- 

- 

- 


- 

Troilite (FeS) 


8. 0.2513 

VS 

110 

311 

0 .2513 

VS 

110 

311 

a-Fe 2 0^ 

y-Fe20^ 


Q _ 

— 

- 

- 

- 

- 

Pyrite (FeS 2 ) 


10. 2.2657 

V w 

1010 

- 

- 

- 

Smythite (FegS 11 ) 


11. 0.2200 

s 

113 

0.2200 

M 

113 

Pyrite in first five 
column and a-Fe 2 0 3 in 
three column 

las 

12. 0.2078 

vw 

114 

408 

— 

— 

— 

Troilite (FeS) 
Pyrrhotite (Fe-^_ X S) 


I 

• 

tr\ 

H 

- 

- 

- 

— - 

- 

Pyrrhotite (Fe-j__ x S) 


14. 

- 

- 

- 

- 

- 

Pyrrhotite (Fe.^ S) 


15. 

- 

- 

- 

- 

- 

Pyrite 


16. 

— 

— 

— 

— 

— 

Troilite (FeS), 
Mackinawite (Fe^Sg) 


17. 0.1693 

vs 

116 

0.1693 

S 

116 

a-Fe 2 0 3 


18. 

- 

- 

- 

- 

- 

Pyrite (FeS 2 ) 


19. 

- 

- 

- 

- 

- 

Pyrite (FeS 2 ) 


20. 

- 

- 

- 

- 

- 

Pyrite (FeS 2 ) 

“ , 

21. 0.1485 

M 

214 

440 

0.1484 

S 

214 

440 

a-Fe o 0-. 

Y-Pe|o| 


22. 0.1433 

M 

433 

530 

0.1433 

V 

433 

530 

Pyrite in first five 
column and y~^ 2®3 l 51 
last three column 

the 


1.0 min sample and their intensity increases as the roasting 
time is increased from t = 1.0 min to t = 5*0 min. The 
intensities of the X-ray lines due to pyrite, however, 
decreases from t = 1.0 min to t = 5*0 min. This behaviour 
indicates conversion of pyrite into pyrrhotite from t = 1.0 
min to t = 5*0 min. Beyond t = 5.0 min the X-ray data show 
that X-ray lines due to pyrite disappear in the 15.0 min, 

30.0 min and 60.0 min samples while X-ray lines due to 

and y-Fe20^ make their appearance. The X-ray lines 
due to pyrrhotite are absent in the 30.0 min and 60.0 min 
samples. This behaviour suggests that the transformation 
pyrite — pyrrhotite * a-FegO^ and/or y-FegO^ is comp- 

leted after t = 30.0 min. 

5.1.3 Results and discussion 

The Mossbauer spectra for the as-prepared pyrite 
sample and other samples for different time intervals (t) 
are shown in Fig. 5*1. The spectrum for the as-prepared 

sample shows a doublet structure (quadrupole splitting) and 
the observed values of isomer shift, IS - 0.365 + 0.005 
mm sec - '*' (with respect to natural Fe ) and quadrupole 
splitting, AB = 0.618 + 0.003 mm sec -1 , agree satisfac- 
torily with other results [2-5 j • These observations are 
consistent with the known structure of pyrite involving 
covalent ferrous ion in distorted octahedral coordination. 

In pyrite, iron is in low-spin state and the quadrupole 
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splitting arises because of the lattice effects [2]. As the 
time-period (t) of the roasting is raised, the Mbssbauer 
spectra show interesting changes. h T o magnetic hyperfine 
splitting is observed upto t = 1.0 min and the Mbssbauer 
parameters IS ,4E and H shown in Table 5*2 do not show 
any significant changes from the values observed- for the 
a.s -prepared pyrite samples. This behaviour indicates that 
roasting upto t = 1.0 min does not lead to any transforma- 
tion of pyrite to ether iron compounds. The Mb'ssbauer 
spectra, for t = 2.0 min shows the onset of magnetic hyperfine 

structure which is fully developed in the spectrum for t = 
30.0 and t = 60.0 min. In order to identify the origin of 
this magnetic hyperfine structure we have shown the reported 
peak positions for pyrrhotite [2] in Fig. 5.2 and Fe^O^ [6], 
y-Fe20^ , FeS and FeSO^E^O ±n Fig. 5.3* The peak positions 
for Fe^O^ and y-'Pe^Oj were confirmed by us by recording 
their Mbssbauer spectra. By using these peak positions as 
guidelines we have proposed an identification which is shown 
in Table 5.2. The results shown in Fig. 5-1 and described 
in Table 5.2 are understood as follows. ]n this discussion 
and interpretation of the results the comments given in the 
column of Table 5.2 have to be taken into account. 

During the roasting of pyrite, pyrrhotite appears 
to be formed at t = 2.0 min. The conversion from 

pyrrhotite to Fe^O^ seems to have been completed between 
t = 5.0 min and t = 15.0 min and, after 
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t = 15.0 min pyrite had been almost completely transformed 
into y-'Fe^Oj. At about t = 60.0 min pyrite had been fully 
oxidized to y-Fe20^. These results are supported by our 
X-ray powder diffraction data. It should be noted that the 
onset of the formation of pyrrhotite or Fe^O^ appears to 
occur at different times (t values) from the M'dssbauer 
results and the X-ray data. However, these differences are 
minor and could be due to the different sensitivity of the 
two techniques. In any case, same general trend is indicated 
by the results obtained with the two methods. 

Based on the present results, roasting of the pyrite 
mineral can, therefore, be summarized as follows. Under 
heat-treatment pyrite transforms via pyrrhotite to the oxide 
of iron as a result of the reduction process. For the 
roasting period t = 5.0 min, pyrrhotite is formed in good 
amount with some pyrite still remaining. At t = 15-0 min 
pyrite disappears with pyrrhotite and remains. It 

is conjectured that at some time intermediate between 
t = 5 .0 and t = 15-0 min the sample consists mostly of 
pyrrhotite. For tiroes t^30.0 min there is a complete 
transformation into a-FegO^ and y-FegO^. 

5 * 2 Study of the Leaching Process of the Pyrite Minerals 
8.2.1 Introduction 

In recent years micro-organisms have been increa- 
singly used in the recovery of commercially valuable : 
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minerals from low grade ores [8-11]. Use of bacteria has 
ushered revolutionary changes in the mining of metallic 
minerals. One group of such useful bacteria is called 
acidophilic thiobacilli and they thrive in an environment 
which consists of a. solution of metals, particularly iron, 
in 0.05 M sulphuric acid and they can tolerate a range of 
temperature between 0 and 60 °C . For a mining engineer, 
the most important member of this group of bacteria is Thioba - 
c illus ferrooxidans (usually abbreviated as T. ferrooxidans ) 
which derives its energy by oxidising sulphur, sulphides 
and ferrous iron [ 12,13]. Although T. ferrooxidans is one 
of the earliest living micro-organisms on the earth, it was 
isolated cn3y in 1947 [14] from the flood waters coming out 
from an abandoned coal mine in West Virginia . Historically, 
the presence of copper in mine drainage waters was noticed 
by mankind, for example by Phe onicians , Romans, Arabs, 
Spaniards, etc . Although the earliest leaching of copper from cop] 

j 

sulphide -bearing materials was observed in 1942 at Pio Tinto 
in Spain, the presence of bacteria in the leach waters of 
these mines was not confirmed until 1962 [ 15 ] • 

Details of the morphology, physiology, chemical 
composition and structure of T. ferrooxidans are described 
in literature [9]. The activity of the bacteria is normally 
limited by the small quantities of substrate exposed to the 
atmosphere because of the requirement of abundant supply : 

of oxygen. One of the most important growth substrates is | 
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iron pyrites (FeS 2 ) which often occur together with other 
and more valuable minerals like copper, zinc and uranium. 
Pyrite is known to be almost insoluble under normal condi- 
tions but in the presence of T. ferrooxidans its dissolution 
va.te may increase by as much as 10^. Although one does 
not know how T. ferrooxidans is able to attack the mineral, 
it is supposed that the interface between the mineral and 
the. micro-organism consists of high local concentrations 
of ferric iron which results in rapid oxidation. The 
chemical reactions involved in the leaching process of the 


pyrite mineral are : 

2FeS 2 + 70 2 + 2H 2 0 — - 2Fe30 4 + 2H 2 SC 4 (5.4) 

4FeS0 4 + 0 2 + 2H 2 S0 4 Ei£i 2Fe 2 ( 3(^)3 + 2H 2 0 (5-5) 

FeS 2 + Fe 2 (S0 4 ) 3 = 3Fe80 4 + 2S (5*6) 

2S + 30 2 + 2H 2 0 — - 2H 2 S0 4 (5-7) 

( T .f ♦ ind icate s T. ferrooxidans ) . 


Reactions (5*4), (5.5) and (5.7) take place 
enzymat ically under the active participation of 

T . fe rr o oxidan s whereas reaction ( 5 . 6 ) takes place 

chemically without any participation of the bacteria. 
Reactions (5-5) and (5-7) provide energy to T. ferrooxidans . 
In the absence of bacteria, reaction (5.4) occurs very 
slowly but it may be useful in providing the solution of 
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ferrous iron necessary to start the hacteria.1 growth. The 
products of these reactions are thus ferric-sulphate and 
sulphuric acid, a mixture capable of oxidising and dissolving 
many minerals which are otherwise insoluble. 

We have studied the bacterial leaching of pyrite 
by Mossbauer spectroscopy. The motivation of the present 
work was to establish the phases containing iron and the 
valency states of iron on the surface of pyrite particles 
as these are leached bacterially. 

5.2.2 Experimental 

a) Micro-organisms 

The micro-organisms used in the leaching of pyrite 
were strains of Thiobacillus ferrooxidans obtained from 
( j. ) Bose Institute, Calcutta, and (ii) National Chemical 
laboratory (NCL), Pune. These organisms were routinely 
maintained on a modified 9K growth medium [16], in which 
the energy source (ferrous sulfate) was replaced by pure 
pyrite. Logarithmic phase cultures were used as inocula 
for subcultures and experimental systems. 

b) Substrate 

The pyrite sample was obtained from Aim inrock 
Banglore - 3 and was ground to a particle size^65 pm and 
used in all these leaching, experiments . 
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c) Estimation of iron 

Iron in leaching solutions was analyzed by atomic 
absorption spectrophotometry. 

d) Experimental procedures 

Initially, the strains were adapted to the pyrite 

in the iron-free medium and after three transfers, a 5*0 ml 

aliquot of the log phase culture was used as experimental 

inoculum. In the procedure, 1.0 g of pyrite was taken in 

a 250 ml extenmeyer flask containing 100 ml of iron-free 

medium and the pH was adjusted to 1.7 in case of the Bose 

Institute strain and 3.2 in case of the FCL strain. The 

o 

flasks were sterilized at 15 psi (1.05 kg/ cm ) for 15 min. 
Then 5-0 ml of the log phase culture of T. ferrooxidans was 
inoculated and the flasks were agitated on a gyratory 
shaker at 25-27 °C. The samples were removed after 2, 6, 

9, 12, 15, 20 and 45 days followed by filtration through 
commercial filter paper. The pH of the samples were also 
recorded after filtration and the iron content was analyzed 
by atomic absorption spectrophotometry. 

e) M'Ossbauer measurements 

The MQssbauer spectra of various samples were 
recorded by using the method described in Sec. 5.2.2. 
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5.2.3 Results and discussion 

Mhssbauer spectra of the untreated pyrite sample, as 
well as of the samples leached with the bacteria T. ferrooxidans 
for various time periods all show a doublet structure or 
quadrupole splitting. Two of such typical spectra are shown 
in Pig. 5-4. Results of the Mossbauer parameters isomer 
shift (IS) and quadrupole splitting (A.E) are given in 
Table 5*3 for the bacteria obtained from the Bose Institute, 
Calcutta and the Rational Chemical laboratory, Pune. It 
should be pointed out that the value of IS and A-E obtained 
for the reference pyrite sample in the leaching studies were 
IS = 0.37 + 0.01 mm sec -1 and AS = 0.62 + 0.01 mm sec"'*' 

(Table 5-3) as against IS = 0.32 + 0.01 mm sec"'*' and AE = 

0.61 + 0.01 mm sec ■*” obtained for the reference pyrite sample 
used in the roasting studies (Table 5.2, Sec. 5.2). The 
difference observed in the two IS values are ascribed to the 
fact that the reference pyrite samples used in the two 
studies were not same . The pyrite sample used in the leaching 
studies was less pure and contained large amount of other 
sulphides such as marcasite, barnite , chalcopyrite etc. In 
addition the particle size of the pyrite samples used in the 
leaching studies was ..4.65 pm as compared to the size^(125 pm. 
in the roasting studies. 

The present studies have shown that the pyrite 
samples subjected to ba.cterial leaching for time periods 



MBssbauer parameters of pyrite samples leached for different days by using two different source 
of bacteria. 
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varying from ’2 days to 45 days continue to show doublet 
structure or quadrupole splitting and the Mbssbauer 
parameters IS and Z^E (Table 5-3) do not change from the 
untreated pyrite sample. The peak-widths of the two 
lines also do not show significant changes. Similarly 
no differences were observed between the effects of 
bacteria obtained from the two sources (National Chemical 
Laboratory, Pune and Bose Institute, Calcutta). 

The chemical reactions involved in the leaching 
process of pyrite, eqs. (5.4) to (5-7) indicate that we 
should observe iron sulphates Fe 2 (S 0 ^)^, FeSO^ as a by- 
product after leaching. The Mbssbauer parameters at room 
temperature IS and 4^4E (at room temperature) for iron 
sulpha, tes as reported by Danon [17] are shown in Table 5 -4 . 

In the present analysis we examined the Mossbauer 
spectra, and. the parameters (Table 5*3) to look for the 
presence of the iron sulphate PeSG^ and Pe 2 (S 0 ^)^ in the 
leached samples. From the Mbssbauer parameters givexi in 
Table 5*4 it is obvious that the presence of the iron 
sulphates if existed could not have been missed. However 
our results ruled out the presence of these iron sulphates. 
This can be correlated with the formation of soluble 
ferrous sulphates formed from pyrite during leaching. This 
was also evident from the colour of the filtered sample. 
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Table 5.4 

Isomer shift (IS) and quadrupole splitting (AE) for iron 
sulphates. The results are reported (for room temperature) 
by Danon [ 17 j . 


Compound 

IS (a) 

(mm sec - '*') 

(mm sec ) 

FeS0 4 

1.33 

CM 

• 

KA 

^eS0 4 .7H 2 0 

1-31 

3 .20 

Fe 2 (S0 4 ) 3 

0.46 

O 

• 

o 

Fe 2 (S0 4 )^ .xH 2 0 

0.44 

0.28 


(a) Values with respect to a-Fe . 
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Our results do not indicate any major presence of 
other iron compounds, besides pyrite , after the leaching 
process. Ferrous/ferric salts being soluble in water do 
not stay on the surface. Slight variations of the IS and 
parameters observed by us could be due to the impurities 
involved. These investigations illustrate how Mbssbauer 
spectroscopy can be used to study the leaching of minerals 
containing iron compounds. 
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